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Commissioner for Patents 
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Alexandria, VA 22313-1450 



PETITION TO WITHDRAW HOLDING OF ABANDONMENT 
UNDER 37 CRR,S 1.181 

The above-referenced application was deemed abandoned for Applicants' failure 
to timely file a proper reply to the Office letter mailed on March 9, 2004. 

The Notice of Abandonment mailed on September 21, 2004, erroneously states 
that no reply to the Office letter mailed on March 9, 2004, has been received by the 
United States Patent and Trademark Office. 

Applicants submit that a timely and proper reply was in fact filed on September 9, 
2004. As evidence thereof, Applicants submit herewith copies of all documents 
submitted in response to the Office letter of March 9, 2004. Applicants submit as 
"Exhibit A" a copy of the retum receipt postcard stamped by the U.S. Patent and 
Trademark Office, indicating receipt of the below-listed items on September 9, 2004. 
Attached as "Exhibit B" is a copy of the Express Mail Mailing Label bearing the number 
EV375068968US on which the "Date In" is indicated as September 9, 2004; the United 
States Postal Service stamp also indicates the date of deposit as September 9, 2004. This 
Express Mail Mailing Label number is present as required on each paper of the 
submission of September 9, 2004. "Exhibit C" is a copy of the submitted Amendment 
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and Response (9 pages). "Exhibit D" is a copy of the submitted Petition for Three 
Months' Extension of Time Under 37 C.F.R. 1.136(a) (1 page). "Exhibit E" is a copy of 
the submitted check in the amoimt $1 130.00. "Exhibit F" is a copy of the submitted 
Supplemental Information Disclosure Statement (2 pages). "Exhibit G" is a copy of the 
submitted Supplemental Form PTO-1449 (1 page). "Exhibit H" is a copy of reference 
"CL" as cited on the submitted Supplemental Form PTO-1449 (18 pages). "Exhibit F' is 
a copy of submitted article 'The Bioavailability of Dietary Calcium,' originally submitted 
as 'Exhibit A' in support of the Amendment and Response (18 pages). "Exhibit J" is a 
copy of the submitted Transmittal Form (1 page). "Exhibit K" is a copy of the submitted 
Fee Transmittal Form (1 page). 

A copy of the Notice of Abandonment mailed September 21, 2004, is also 
enclosed. Applicants would like to draw attention to the Examiner's note at the bottom 
of the Notice which indicates that a Dr. Blecher was contacted regarding the instant 
application. Dr. Blecher is not an attomey of record in this case. Applicants believe this 
note is in error and do not assent to the facts stated therein. 

In view of the evidence presented above, Apphcants respectfully request that the 
abandonment be withdrawn. 

Applicants believe no fees are due for entry of this petition. However, please 
consider this a conditional authorization to charge deposit account 20-0531 for any 
required fees or surcharges. 
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The MAILING DATE of this communication appears on the cover sheet with the correspondence address-- 
This application is abandoned in view of: 

1 S Applicant's failure to timely file a proper reply to the Office letter mailed on 09 March 2004. 

(a) □ A reply was received on (with a Certificate of Mailing or Transmission dated ), which is after, the expiration of the 

period for reply (including a total extension of time of month(s)) which expired on . 

(b) □ A proposed reply was received on but it does not constitute a proper reply under 37 CFR 1:113 (a) to the final rejection. 

(A proper reply under 37 CFR 1.1 13 to a final rejection consists only of: (1) a timely filed amendment which places the 
application in condition for allowance; (2) a timely filed Notice of Appeal (with appeal fee); or (3) a timely filed Request for 
Continued Examination (RCE) in compliance with 37 CFR 1.114). 

(c) □ A reply was received on but it does not constitute a proper reply, or a bona fide attempt at a proper reply, to the non- 

final rejection. See 37 CFR 1.85(a) and 1.111. (See explanation in box 7 below). 

(d) IS No reply has been received. 

2, □ Applicant's failure to timely pay the required issue fee and publication fee. if applicable, within the statutory period of three months 
from the mailing date of the Notice of Allowance (PTOL-85). 

(a) □ The issue fee and publication fee. If applicable, was received on (with a Certificate of Mailing or Transmission dated 

Y which is after the expiration of the statutory period for payment of the issue fee (and publication fee) set in the Notice of 

Allowance (PTOL-85) 

(b) □ The submitted fee of $ 



is insufficient. A balance of $_ 



is due. 



The issue fee required by 37 CFR 1.18 is $ . The publication fee. if required by 37 CFR 1.18(d). is $ . 

(c) □ The issue fee and publication fee. if applicable, has not been received. 

3. n Applicant's failure to timely file corrected drawings as required by. and within the three-month period set in, the Notice of 

Allowability (PTO-37). 

(a) □ Proposed con-ected drawings were received on (with a Certificate of Mailing or Transmission dated ). which Is 

after the expiration of the period for reply. 

(b) □ No corrected drawings have been received. 

4. □ The letter of express abandonment which Is signed by the attorney or agent of record, the assignee of the entire interest, or all of 

the applicants. 

5. □ The letter of express abandonment which Is signed by an attorney or agent (acting in a representative capacity under 37 CFR 

1.34(a)) upon the filing of a continuing application. 



6. □ The decision by the Board of Patent Appeals and Interference rendered on . 

of the decision has expired and there are no allowed claims. 

7. □ The reason(s) below: 



and because the period for seeking court review 



A phone call was made to Dr. Blecher to see If a response had been filed to the outstanding office acUon. Dr. Blecher 
indicated a response had been filed via fax but he did not have any confinns^on of sending ouj the response. 

BRUCE R. CAMPELL, PH.0 
SUPERVISORY PATENT EXAMINER 



PeUtiofis to revive under 37 CFR 1 .1 37(a) or (b). or requests to withdraw the holding of abandonment under 37 
effects on patent term. 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICANT(S): Takada et al CONFIRMATION NO. : 8309 

SERIAL NO.: 10/067,527 GROUP NO.: 1654 \ 

FILING DATE: February 4, 2002 EXAMINER: Gupta, Ahish 

TITLE: Compositions for Strengthening Bone 

Mail Stop Amendment 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

AMENDMENT AND RESPONSE 

Sir: 

In response to the Office Action mailed March 9, 2004, in connection with the above- 
identified patent application. Applicants respectfully submit the following Amendment and 
Response. A Petition for a 3-month extension of time, up to arid including September 9, 2004, 
well as a Supplemental Information Disclosure Statement (SIDS) is submitted herewith. Also 
enclosed is a check for $ 1 1 30.00 to cover the $950.00 petition -fee and the $ 1 80.00 SIDS 
, submission fee. If an additipna^l fee i? required, please consider this a conditional petition 
therefore, and authorization to debit deposit account 20-0531. 

Amendments to the Claims are presented on page! 2 of this paper. 

Remarks/Argument begin on page 4 of this paper. 
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AMENDMENTS TO THE CLAIMS 

1-48. (Canceled) 

49. (Currently Amended) A composition for strengthening bone in a mammal comprising 
degraded collagen, calcium, and vitamin D3 wherein said composition is suitable for oral 
administration in an amount effective to induce a bone strengthening effect in a mammal. 

50. (Previously Presented) The composition of claim 49, wherein the composition comprises 
enzymatically-degraded collagen. 

5 1 . (Previously Presented) The composition of claim 50, wherein the composition comprises 
collagen degraded by limited acid proteolysis. 

52. (Previously Presented) The composition of claim 50, wherein the composition comprises 
collagen degraded by limited alkaline proteolysis. 

53. (Currently Amended) The composition of claim 49, wherein the composition comprisos 
the amount effective to induce a bone strengthening effect in a-mammal is between 10 mg to 

. , 2500 m g of degraded. collagen ,. . 

■J 

54. (Currently Amended) The composition of claim 49, wherein the weight ratio of collagen 
to calcium is between 0.5-5.0: 1. 

55. (Currently Amended) The composition of claim 49, wherein the weight ratio of collagen 
to calcium is about 3.75il. 

56 (Previously Presented) The composition of claim 49, wherein the calcium is selected 
from the group consisting of calcium chloride, calcium caiboiiate, caljpium lactate, and egg-shell 
derived calcium, and milk-derived calcium. 
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57. (Previously Presented) The composition of claim 49, wherein the collagen is derived 
from porcine skin or bone. 

58. (Previously Presented) The composition of claim 57, wherein the collagen derived from 
porcine skin is a lyophilization product of pulverized and defatted skin corium .layer. ' 

59. (Previously Presented) The composition of claim 57, wherein the wherein the collagen 
derived from porcine bone is a lyophylization product of pulverized and decalcified bone. 

60. (Previously Presented) The composition of claim 49, wherein the degraded collagen has 
a molecular weight of about 2-150 kDa. 
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REMARKS . 

Claims 49-60 were pending in the Application. Claims 49 and 53-55 are amended herein. 
Upon entry of the present Amendment, claims 49-60 will be pending and are presented for 
reconsideration. 

Claim 49 is amended to recite a composition for strengthening bone in a mammal '\ 
comprising degraded collagen, calcium, and vitamin D3 wherein said compositipn is suitable for 
oral administration in an amount effective to induce a bone strengthening effect. Claim 53 is 
amended to recite that the amount effective to induce a bone strengthening effect in a mammal is 
between 10 mg to 2500 mg of degraded collagen. Claims 54 and 55 have been amended to 
clarify the recited ratios. Support for these amendment can be found throughout the application 
as originally filed. Applicants respectfully submit that no new matter is introduced by this 
amendment. 

Applicants note that while claim 56 was listed as rejected on Form PTOL-326 
accompanying the Office action, no specific rejection was enumerated in the written Office 
action. Applicants therefore do not acquiesce to the rejection of claim 56. 

Rejection Under 35 U.S.C. S 102(b) 

Claims 49-52 and 57-60 were rejected under 35 U.S.C. § 102(b) as being allegedly 
anticipated by U.S. Patent No. 5,002,760 to Katzev (hereinafter "Katzev), in light of U.S. Patent 
No. 5,057,502 to Walsh (hereinaf&i- "Walsh"). Applicants traverse the rejection. 

For anticipation under 35 U.S.C. § 102, the reference must teach every aspect of the 
claimed invention either explicitly or impliedly. MPEP 706.02 . Applicants submit that the 
Office action's rejection is improper because Katzev does not disclose every aspect of 
Applicants' invention as claimed herein. 

Firstly, Katzev's invention is a topical skin care composition formulated for the sole and 
explicit purpose of maximizing retinoids effectiveness on skin, whereas Applicants' invention 
claims a composition suitable for oral administration in an amount effective to induce a bone 
strengthening effect. While Katzev allegedly teaches vitamin Da^ caJcium, and 4egraded 
collagen, these are only three of over twenty ingredients in Katzev's composition. Katzev neither 



Amendment and Response ' 
U.S. Serial No. 10/067,527 
Page 5 of 9 

teaches or suggests that these three specific ingredients could stand alone or be extracted •from 
the Katzev topical composition for use alone or in combination for purposes unrelated to retinol 
delivery. Moreover, Katzev provides no indication that the quantities of calcium, hydrolyzed 
collagen, and vitamin D3 in his composition would be capable of inducing a bone strengthening 
effect, as required by the claimed invention. Consequently, since Katzev does not teach the / 
Applicants' claimed composition and effect, Katzev cannot anticipate the claimed invention. ' 

Secondly, the Office action suggests that Katzev^s composition contains calcium because 
aloe vera contains calcium oxalate. However, Applicants submit that Katzev is an improper 
reference because it does not teach the calcium of the claimed invention. Applicants' 
specification teaches that a "calcium agent with good absorptivitv . such as calcium chloride, 
calcium carbonate, calcium lactate, egg shell or milk-derived calcium etc." can be used according 
to the invention to enhance the strengthening of bone. (See page 6, lines 5-8). While this is not 
an exhaustive list of calcium sources with good absorptivity, it is well known in the art that 
calcium oxalate is not an absorbable source of calcium. For example, in the article The 
Bioavailability of Dietary Calcium (attached as "Exhibit A"), it states, "Other dietary factors 
make calcium irreversibly insoluble at near-neutral pH values, by converting it into forms such as 
phosphates, oxalates, phytates and soaps, which prevent passive absorption in the ileum." 
Journal of the American College of Nutrition, Vol 19, NoX 1198-1368(2000) at 1218, This 
evidence clearly demonstrates that calcium oxalate, as found in the aloe vera of Katzev's 
composition, would not.be ab^orbfd by the body and therefore is not within the scope of 
Applicants' claimed invention. 

Therefore, in light of the foregoing reasons. Applicants request reconsideration and 
withdrawal of the rejection of independent claim 49 and dependent claims 50-52 and 57-60 under 
35U.S.C. § 102(b). 
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Rejections Under 35 U.S.C, $ 103fa) ' ' 

Sauk et al. and Borenstein et al. 

Claims 49-55 and 57-60 were rejected under 35 U.S.C. § 103(a) as being allegedly 
unpatentably obvious over U.S. Patent No. 4,698,326 to Sauk et al. (hereinafter "Sauk'') in view 
of U.S. Patent No. 5,043,1 70 to Borenstein et al. (hereinafter "Borenstein"). Claim 49 as 
amended, and those claims depending therefrom (50-55 and 57-60), recite a composition 
comprising degraded collagen, calcium, and vitamin D3 suitable for oral administration in an 
amount effective to induce a bone strengthening effect. The Office action suggests that Sauk 
teaches a composition for osseous repair made of phosphophoryn calcium salt and type I 
collagen. The Office action further suggests that Borenstein teaches that certain vitamin D3 
metabolites help increase bone strength in hens. The Office action suggests that it would have 
been obvious to one of ordinary skill in the art to use vitamin D3 in conjunction with the 
composition of Sauk to produce the applicants' claimed invention because one would expect that 
the addition of Vitamin D3 to the composition would result in a more effective bone 
strengthening or growing agent: Applicants respectfully traverse the rejection. 

Applicants submit that, in fact, the deficiencies of Sauk cannot be remedied by the 
addition of Borenstein because there is no motivation to modify Sauk to incorporate the vitamin 
D3 of Borenstein. Sauk teaches a method of locallv promoting osseous growth in guinea pigs by 
surgically implanting a mixtiire oif collagen and phosphophoryn calcium into an osseous void, 
whereas Borenstein teaches a riiethfod of improving eggshell strength in hens soley by oral 
administration of vitamin D3 metabolites . Even though Borenstein mentions that vitamin D3 is 
related to bone strength, Borenstein does not teach vitamin D3 per se as an effective agent for 
promoting localized osseous growth. Because Borenstein's efforts to promote eggshell and bone 
strength through an orallv administered composition are unrelated to Sauk's purpose of 
promoting localized osseous growth by direct implantation , a person skilled in the art would not 
be motivated to modify Sauk by the teachings of Borenstein to produce the Applicant's claimed 
invention. 

Furthermore, U.S. Patent 4,335,120 to Holick et al. (hereinafter "Hblick"), cited by the 
Office action, teaches away from combining Sauk and Borenstein. Holick explicity discourages 
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oral administration of vitamin D3, stating that there is "a danger in administering biologically 
active vitamin D3 orally or intravenously to patients [because] the therapeutic to toxic ratio of 
vitamin D3 is low and an excess... in the blood stream can cause episodes of hypercalcemia and 
hypercalcuria". (Column 1, lines 26-31). Considering that the claimed invention requires a 
composition suitable for oral administration, a skilled artisan, on reading Holick, would be taught 
away from combining the vitamin D3 of Borenstein with the composition of Sauk to produce ?he 
Applicants' claimed invention. Therefore, it is improper to combine the teachings of Sauk and 
Borenstein. 

However, even if there were a motivation to combine these references, a person skilled in 
the art would have no reasonable expectation of success in producing the claimed invention. As 
the claims recite, the composition must be suitable for oral administration in an amount effective 
to induce a bone strengthening effect. However, while Sauk teaches a composition for local 
surgical implantation into an osseous void which is effective at inducing localized bone growth, 
there is no teaching in either Sauk or Borenstein to suggest that the combination of collagen, 
phosphophoryn calcium, and vitamin D3 together would have a systemic bone strengthening 
effect if orally administered. Therefore, a skilled artisan would have no reasonable expectation 
that combining the teachings of Sauk and Borenstein would in'faict result in the Applicants' 
claimed invention. Consequently, no prima-facie case of obviousness can be made. 

Therefore, in light of the foregoing reasons. Applicants- respectfully request that the 
, rejection of independent claim.49 Md dependent claims 50-55 and 57-60 under 35 U.S.C. 
§ 103(a) be reconsidered and withdrawn. 

Milan in view of Holick and Kato 

Claims 49-55 and 57-60 were rejected under 35 U.S.C. 103(a) as being allegedly 
unpatentably obvious over U.S. Patent 5,948,766 to Milan et al. (hereinafter "Milan") in view of 
Holick (discussed supra), and U.S. Patent No. 5,932,259 to Kato et al. (hereinafter "Kato"). In 
particular, the Office action suggests that Milan discloses a method of treating osteoporosis with 
collagen iand calcium salts. It further suggests that Kato teaches that specific calcium sources, as 
well as vitamin D3, can be used to treat osteoporosis. It also suggests that Holick teaches that 
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vitamin D3 is effective in increasing serum calcium for treating osteoporosis. Applicants traverse 
the rejection. 

Applicants submit that there is no motivation to modify the teachings of Milan by the 
teachings of Kato. While Milan teaches that a preparation of hydrolyzed collagen and calcium 
salts can be used to treat osteoporosis, Kato explicitly teaches that there are various problems 
associated with using calcium and vitamin D3 to strengthen bones. (See Col 1, lines 3'6-64). 
Kato teaches that "more than half of the calcium salts and natural calcium administered are 
excreted without being absorbed", and that whatever calcium is "absorbed may riot necessarily be 
utilized for the improvement of bone metabolism or bone reinforcement because the affinity of 
calcium for bone differs according to the form of the calcium and types of other nutrients which 
are taken with calcium." (Column 1, lines 43-50). Kato also teaches that adding vitamin D3 to 
food or drink is infeasible due to safety and cost considerations. (See Column 1, lines 50-58). 
Because Kato discourages use of calcium or vitamin D3 in a composition to strengthen bone, a 
person skilled in the art would be taught away from adding calcium or vitamin D3 to the 
composition of Milan to produce the claimed invention. Therefore, Kato cannot cure the 
deficiencies of Milan. 

Furthermore, Applicants submit that there is no motivation to modify Milan by the 
teachings of Holick. While Milan teaches that a preparation of hydrolyzed collagen and calcium 
salts can be used to treat osteoporosis, it does not teach vitamin D3 for such a purpose. Li fact, 
Holick teaches that there is "a danger in administering biologically active vitamin D3 orally or 
intravenously to patients [in] that the therapeutic to toxic ratio of vitamin D3 is low and an 
excess. . . in the blood stream can cause episodes of hypercalcemia and hypercalcuria". (Column 
1, lines 26-31). To avoid this hazard, Holick teaches that vitamin D3 should be administered on 
or into the skin. (See Column 1 , lines 54-59). Therefore, Holick teaches away from oral 
administration of vitamin D3. Considering that Milan's composition of collagen and calcium is 
"preferably formulated as pastes, syrups, solutions, granules, compressed formulations or 
instantized powders," (Column 2, lines 48-53) and that patients in Milan received a "diet rich in 
collagen hydroiysate," (Column 3, lines 13-17), it is clear that Milan's collagen composition is 
delivered orally: In view 6f the claimed invention's requirement that the composition be suitable 
for oral administration, and because Holick discourages oral administration of vitamin D3, a 
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person skilled in the art would be taught away from adding vitamin D3 to Milan's orally - 
administered composition to produce the applicants' claimed invention. Therefore, Holick 
cannot cure the deficiencies of Milan. 

In light of the foregoing reasons. Applicants respectfully request that the rejection of 
independent claim 49 and dependent claims 50-55 and 57-60 under 35 U.S.C. § 103(a) be 
reconsidered and withdrawn. . * 

CONCLUSION 

Claims 49-60 were pending in the Application. Claims 49 and 53-55 are amended. 
Applicants respectfully submit that no new matter is introduced by the present Amendment. 

Applicants request that the Examiner reconsider the application in light of the foregoing 
Amendment and Response, and respectfully submit that the claims are in condition for 
allowance. If the ExamiAer believes a telephonic interview would expedite the favorable 
prosecution of this application, the undersigned attorney would welcome the opportunity to 
discuss any outstanding issues, and to work with the Examiner toward placing the application in 
condition for allowance. 



Date: September 9, 2004 
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This update focuses on ihe bioavailability of dietan' calcium for humans. Fiindamemal.*: of calcium 
melabolism, inicsiinal absorpiion, urinary excreiion and balance are recalled. Dieiary factors, especiallv lactosc 
and other milk componenis. influencing calcium bioavailability at intestinal and renal levels aie reviewed. A 
critical examination of all the methods used for evaluating calcium bioavailability is made. This includes in viiro 
assays, classical and isotopic balances, urinaf>' excretion, isotope labeling in the urine, plasma and bones^ long, 
term evaluation of bone mineralization and the use of biological bone markers. Importance and advantages of 
animal models are discussed. The state of the art in the comparative bioavailability of calcium in foods is detailed 
including a comparison of sources of calcium (dairy products and calcium salts) in human studies and in some 
animal studies, casein phosphopeptides, proteins, lactose and lactase and their relation with calcium bioavail- 
ability (in humans and rats). An update on the consumption of dairy products and bone mass is presented. 
Emphasis on peculiarities and advantages of calcium in milk and dairy products is given. 



Key teaching points: 

• Milk^rovidcs large amounts of calcium and phosphorus and components such as lactose and casein phosphopeptides which may 
'enhance calcium absorption and mineral retention. 

• Using a variety of methods, no one has shown that the calcium in milk is more efficiently absorbed that most calcium salts. 

• Intestinal absorption docs not necessarily reflect the bioavailability of calcium to the whole organism because calcium must be 
retained and used in bor>c formation and mineralization. 

• Three sources of calcium, milk, calcium carbonate and calcium citromalate. have been extensively studied. They all ensure the 
eflicient absorption of calcium and also ensure, over the long term, that calcium is retained and used for bone mineralization. 

• There is, as yet, no evidence showing that the calcium from mineral water is as effective.. 

• Many direct or indirect methods may be used to evaluate calcium bioavailability. The values obtained depend on the method; thus, 
conclusions or comparisons must be drawn with cafe. 



INTRODUCTION 

Both scientists and the general public arc becoming increas- 
ingly aware of the importance of dielajy. c^lciym. This is 
largely due to the many research studies that ha\« demonstrated 
links between dietary calcium intake and diseases such as 
osteoporosis, arterial hypertension and colon cancer. These 
diseases have many causes, but the scientific community now 
recognizes that dietary calcium helps prevent them. 

The average recommended dietary allowance (RDA) or 
adequate intake (A I) of calcium is about 900 mg per day iSOO 
to 1000 mg, depending on the counir>0 for adults, rising to 
1200 mg^day for adolescents and the elderly. These RDAs arc 
safely levels designed to provide adults with mn.\innim protec- 
tion against a negative calcium balance and. hence, against 



bone loss. But they are also set so as to ensure that adolescents 
produce the maximum amount of bone that is genetically 
possible and. hence, remain above the fracture threshold when 
they become older. 

A recent review of calcium consumption in France (1) 
determined the percentage of each sector of the population that 
consiimed less than two thirds of the RDA, the critical thresh- 
old for defming groups at risk. These croups included about 
20% to 25% of men aged 18 to 65, 30% of women aged 18 to 
50. 50*! 0 of adolescent girls and men aged over 65. and 7.*^% of 
women over the Jize of 55. Elderly women living in in.Mimiions 
had particularly low calcium intakes. 

.About 70% of dietary calcium comes from milk and darrx* 
products, mainly cheese in adults. Only n few iireer^ veee- 
tahlcs and dried frtiits arc good sources of calcium ( I6"t» of 
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The BioaxailabUily of Dietan- Cafcitim 

intake), and drinking water, including mineral water, pro- 
vides 6% 10 7%. 

There is no doubt thai milk provides large amounts of 
calcium. While there is also no question of the nutritional 
effectiveness of the calcium provided by milk, there is still 
some debate as to whether this source of calcium is biologically 
bener than other sources, such as calcium salts, certain vege- 
tables or mineral waters. We have therefore included recent 
. publications in which the calcium provided by dairy products is 
compared to calcium from these other sources. While our 
coverage is more extensive than that of many other reviews, 
there has been so much work published on this topic that we 
cannot claim to have cited all data. For general aspects of 
calcium metabolism and factors influencing bioavailability, \vc 
have drawn extensively on our earlier reviews of calcium 
availability (2,3J and complementary data may be found in 
other reviews [4-6]. 

The review focuses particularity on the bioavailability of 
calcium from milk and dairy products. 

DEFINITIONS AND WAYS OF 
EXPRESSING BIOAVAILABILITY 

Absorbability, or the availability of calcium for absorption 
by the intestines, is often used as a synonym for bioavailability. 
It is, however, no more than the first step towards bioavailabil- 
ity. Calcium must be soluble in the acid medium of the stomach 
before it can be absorbed. Good solubility in water is an' 
advantage but is not absolutely necessary. The intestinal ab- 
sorption values measured in humans and animals arc not al- 
ways equivalent to, and are generally lower tban, calcium 
absorbability. The potential absorbability of calciiim depends 
on the food, whereas absorption depends also on the absorptive 
. capacity of the intestines, which is affected by physiological 
factors such as calcium reserves, hormoila)' reflation or pre- 
vious dietary calcium supply. The potential absorbability is 
thus the absorption under the most favorable physiological 
conditions. 

Bioavailability depends on absorbability and the incorpora- 
tion of absorbed calcium into bone.. Hence, it also depends on 
the urinary excretion and fecal loss of endogenous calcium. As 
for intestinal absorption, physiological factors, particularly hor- 
mones, play a major role in the incorporation of calcium into 
bone. However, certain types of food increase the likelihood 
ihat. absorbed calcium will be incorporated into bone, whereas 
others rc.Milt in calcium being mainly excreted in the urine. The 
effects of small changes in the diet on the net calcium balance 
h;ivc been emphasized by .several studies. Thus, certain anions, 
.such 3S sulfate and chloride, organic licands (chelators) and 
excess protcw or -sodium all increase the loss of calcium in the 
urine and. ilnis, hinder its incoiporalion into bone. Converselv. 
the mcorp*»ration of absorbed calcium into bone is stimulated 



by phosphonis, b\it excess phosphonis may also cause unde- 
sirable eciopk calcifjcation (outside of iKc bone). The*bionvail- 
ability of calcium may therefore be defmed as the fraction of 
dietar>^ calcium that is potentially absorbable by the intestine 
and can be used for physiological functions, particularly bone 
mineralization, or to limit bone loss. 

Absorbability and bioavailability may be absolute or rela- 
tive. Unless defming dieiary needs by the factorial method, 
relative values are sufficient for determining the fraction ab- 
sorbed in comparison with different sources of calcium: The 
values are then expressed relative to a reference source. 

The values measured may be mean values or discrete val- 
ues. Mean values are recorded for a whole diet or a single 
source of calcium studied over a period of weeks or months 
after adaptation. Discrete values are fpr a single meal or a 
single oral calcium load. They conespond less to normal di- 
etary conditions than mean values and do not lake into account 
the large variations that occur over time. 

FUNDAMENTALS OF 
CALCIUM METABOLISM 

Intestinal Absorption 

Calcium must be in a soluble form, generally ionized 
(Ca* *), at least in the upper small intestine or bound to a 
soluble organic molecule before it can cross the wall of the 
intestine. Absorption is the result of two processes, active 
transport across cells, mainly in the duodenum and the upper 
jejunum, and passiyfe- diffusion, which occurs throughout the 
small intestine, but mainly in the ileum |7] and very little in the 
large intestine (8]. 

Active Transport. The active transport system for calcium 
is saturable and regulated by dietar\' intake and the needs of the 
body. It involves three .stages: entr>' across the brush border of 
the enierocyte, diffusion across the cytoplasm and secretion 
across the basolateral membrane into the extracellular liquid 
19,10). 

Calcium enters the cell via a positive electrochemical gra- 
dient because the calcium concentration in the cytopla.sm is 
ver\' low. It crosses the membrane via calcium channels and via 
membrane-binding transport proteins (calmodulin and mem- 
brane calcium-binding proteins). It may be .Morcd transiently in 
organelles like the Golgi apparatus, endoplasmic reticulum 
(ER) or mitochondria, but then crosses the cytoplasm attached 
to a calcium binding protein (CaBP or calbindin-D 9K), which 
is the rate limiting factor in active calcium transport. Calcium 
may travel botmd to the protein if the CaBP icmains in the 
cytoplasm or via membrane- bound vesicles if the CaBP is 
tncoiporaied into the lysosomcs |*>). It is extnided from the cell 
against an electrtxhcmical gradient by two routes. A small 
frariton leaves by exchanging 3 Na" for 2 Ca" ' . H« most 
leaves, via a calcium* pump/ ;i Ca-.^TPasc activated by calcium. 
CaBP and calmodulin. 
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Viiamin D influences several steps in this active transport. 
The active metabolite is 1.25 dihydroxycholecalciferol 
(1.25(OH):D-i or calciiriol), which is produced by two hy- 
dro.xylations of vitamin D. one in the liver (at position 25) and 
Ihe other in the kidney (at position I). These reactions occur 
whether vitamin D3 comes from the diet or from UV iRadiation 
of 7-dehydrocholesterol in the skin. The most striking effect of 
calciiriol is its control of the expression of the gene encoding 
CaBP. causing the synthesis of the protein, thereby regulating 
the migration of calcium across intestinal cells. Calcitriol also 
has a "liponomic" action, increasing membrane penneability 
and activating the Ca-ATPase [9-11]. Calcitriol behaves like a 
hormone. Its renal production is regulated by parathyroid hor- 
mone (PTH), the secretion of which is, in turn, stimulated by a 
fall in plasma calcium concentration, which may itself stimu- 
late calcitriol synthesis. The PTH -calcitriol system is also in- 
volved in bone resorption and increases the reabsorption of 
calcium by the renal tubule. This hormone system therefore 
controls all the calcium that enters the extracellular pool of 
exchangeable calcium and ensures that the plasma calcium 
concentration varies little from 100 mg/L. 

The rate of saturable, physiologically regulated active ab- 
sorption is negatively correlated with dietary calcium intake. 
Newborn babies lack this active process, and old animals (most 
studies have been done on rats) have calcitriol receptors, but 
they are less abundant than in younger animals and the renal 
l-alpha-hydroxylase is less active; this is also the case in 
elderly people [12). 

Supplementing the diet with vitamin D is not always al- 
lowed (it is forbidden in France), so most vitamin D comes' 
from UV irradiation of the skin. However, the recommended 
daily dietary intake of viiamin D for aduhs is about 400 lU (10 
micrograms). 

Some of the membrane and cytosolic proteins Involved in 
calcium transport are not viiamin D depcndcnt. One such pro- 
tein is calmodulin, and others may be dietaiy' proieins like alpha 
lactalbumin, which may act like calmoduHn (9). Apart from 
vitamin D deficiency, these are the only dietary means of 
affecting this highly regulated physiological route of calcium 
absorption. 

Passive Diffusion. Passive absorption down an electro- 
chemical gradient occurs via inierccJIular junctions or spaces. It 
involves the mass movement of water and major solutes such as 
sodium and glucose. It is not sanirable and therefore increases 
with dietary intake, provided that the calcium in ihe intestines 
is in an absorbable fonn. It is independent of vitamin D and age 
19-11). 

All components of the diet ihni mnke calcium soluble or 
keep it in solution wiihin the ileum should >iimulaie passi\e 
diffusion. Several molecules d*> this, nicularly milk proteins 
like the pho.'^phi>pcptiiK'S derived from casein |1-".N1 and 
sniino acids tike L-lyjiine and l.-argi«me. which form .soluble 
chelates with calcium IHI). Lactose ami i.»iher caihohydrates, 
which are gradually absorKM. alM» have an elfeci but the 



mechanism involved is still a matter of controversy. It is now 
generally agreed that lactose, at least in high doses, -increases 
Ihe passive absorption of calcitim in ihe absence of vitamin D 
and. consequently, decreases intestinal CaBP concentration and 
active transport of calcium |1.*^). 

All molecules that increase the osmolarity of the liquid in 
the ileum are likely to stimulate the passive diffusion of cal- 
cium 1 15], whereas certain amino acids act on ihe intercellular 
space causing contraction of the cytoskeleton | MJ. 

Other dietary factors make calcium inreversibly insoluble at 
near-neutral pH values, by convening, it into forms such as 
phosphates, oxalates, phytaies and soaps, which prevent pas- 
sive absorption in the ileum. A variety of dietary factors have 
been shown to affect the passive diffusion of calcium, and this 
is a promising area of research aimed ai producing the "extra" 
absorption that is generally desired. ^ 

Excretion, Retention and Balance of 
Absorbed Calcium 

Most retained calcium is stored in the skeleton (99% of the 
body's calcium), depending on its needs. The main factors 
affecting the efficiency of calcium storage in bone are not 
dietary: they are physiological, related to growth, pregnancy 
and lactation, for example. The deposition and resorption of 
bone are regulated by several hormones (e.g., PTH, calcitonin, 
calcitriol and estrogens), the actions of which are outside the 
scope of this review. Excess absorbed calcium that cannot be 
stored in bone is excreted in urine, feces and sweat. The 
calcium balance, in adult humans is zero, so all absorbed cal- 
cium is excreted by these routes, possibly after being incorpo- 
rated into and then released from bone. 

Almost all the calcium reabsorbed by the intestinal tract 
comes from secretions like the bile, and the endogenous cal- 
cium excreted in feces is the fraction that is not reabsorbed. 

The urinary loss results from glomerular filtration (about 
lOg Ca per day) and tubular reabsorption, which retrieves over 
98% of the filtered load (16). Like intestinal absorption and 
bone exchange, the renal calcium flux is regulated by hor- 
mones, njbular reabsorption being particularly tightly regulated 
by PTH.' 

The amounts of calcium in human urine are much larger 
than ihose in the urine of oiher animals. Changes in the amount 
of calcium excreted in the urine may therefore have a major 
impact on calcium balance |17J. Certain dielarv' faciors can 
influence Ihe tubular reabsorption of calcium (see below), and 
these must be carefully noted when evaluating calcium bio- 
availability. 

Fig. I shows the main pathways of calciiun in adult humans. 
Human adults lose approximately 0.3% of their bone mass each 
year: this means that their calcium balance is negative and they 
lose about 10 mg of ciUcium eacli day. This \os% of bone ma>s 
may be ten times greater in post -menopausal women. 

The ultimaic coal of all honnonal rcculaiion of intestinal 
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Fig. 1. The main paihways of calcium in adult humans. 

absorption, bone resorption and renal tubular reabsorption of 
calcium is lo keep the plasma calcium concentration constant, 
particularly the 50% of calcium in the ionic form. PTH and 
calcitriol are the most important hormones in calcium ho- 
meostasis. This complex control mechanism also regulates 
extracellular calcium, of which there are about 900 mg in the 
human body. Extracellular fluid (ECF) contains aboul 10"^ M 
Ca**^; the concentration of calcium ions in the cylosol is more 
ihan a lOOO times lower [16]. 



DIETARY FACTORS INFLUENCING 
CALCIUM BIOAVAILABILITY 

This review covers only exogenous factors associated with 
the diet. Other endogenous factors like age, physiological con- 
dition and hormonal regulation have been discussed earlier 
|4-6,17] and are not discussed here. The' main cause of 
changes in the rate of absorption and retention of calcium is 
clearly dietary intake, and there is an inverse relationship 
bervveen intake and utilization. These changes have little to do 
with potential bioavailability, which is not controlled by hor- 
mones and does not reflect the absorptive capacity of the 
intestines or the retentive capacity of bone. 

Dietary Factors Influencing Intestinal Absorption 

Some components of the diet, such as the phytaics found in 
bran and most cereals and seeds, oxalates in spinach, rhubarb, 
walnuts and sorrel, and tannins (tea), can fonn insoluble com- 
plexes with calcium, thereby reducing its absorbability. This 
only seems to affect calcium balance if the diet is unbalanced, 
high- fiber strict vegetarian diets Jacking dair>' products (calci- 
uml for example. This must be taken into account when 
comparing dair\- products with soybean-based products, which 
arc i:enerally phytate-rich. The apparently negative influence of 
fiber on calcium absorption is mainly due to the ph\-iato.«» that 
ar<r ficqucntly <)ssoci«)ted with dieta:>' fiber. Otlicf plant com- 
pounds, lightly mcthoxylatcd pectins for example, strongly 
inhibit the ab.iorption of calcium and other minerals |ISJ. 



Fibers themselves (cellulose, hemicelhiloses. licnins and non- 
celhilose polysaccharides) seem to have no direct. effect on • 
calcium absorbability. Some indigestible carbohydrates and 
hard-to-digcst oligosaccharides have been shown to increase 
calcium absorption in ihe distal intestine by enhancing bacterial 
fennentation, thereby lowering the pH 1 19). The effect of fibers 
and phytates has been examined in several reviews [e.g., 4,20). 
A relative excess of phosphate has been thought to increase, the 
fecal excretion of calcium. However. contrar>' to this widely 
held view, excess P does not reduce calcium absorption, at least 
if calcium intake is adequate. All Western- type meals have a 
Caf? ratio well below L which favors the precipitation of 
calcium. This does not, however, prevent the normal absorption 
of calcium. Furthermore, the calcium, in. calcium phosphate is 
as well absorbed as the calcium in .other inorganic sahs. 
whether eaten with or without lactose |21). 

Lipids, especially milk fats, are thought by some to form 
insoluble soaps with calcium, reducing its bioavailability. 
However, although this chemical reaction is possible, it does 
not, in practice, interfere with calcium absorption (4). The 
dietary soaps are dissociated at the low pH of the stomach and 
cannot reform until they reach the ileum, which is beyond the 
main area of calcium absorption. Fecal soaps are formed from 
free long-chain saturated fatty acids and unabsorbed calcium. 
The sanjrated fatty acids in milk and cheese can displace 
calcium from phosphates in the ileum, forming less soluble 
soaps which are excreted, but this has no effect on the absorp- 
tion of ingested calcium [22). 

Other constituents of food, particularly components of milk, 
are thought to favor the intestinal absorption of calcium and to 
keep it in a soluble form until it reaches the distal intestine, 
where it can be absorbed by unsaturable routes that are inde- 
pendent of vitamin D. The best known are lactose, proteins and 
phosphopcplides. 

Many in vivo and in vitro studies on proteins and phos- 
phopcplides have demonstrated a positive effect of these mol- 
ecules on calcium absorption. Phosphopcplides, derived from 
the enzymatic hydrolysis of caseins in particular, have been 
shown to sequester calcium and other cations,, protecting them 
from potentially precipitating anions like phosphates in the 
intestine 113,14.231. Phosphopeptides therefore help to keep 
calcium in solution until it reaches the distal intestine, thereby 
facilitating its absorption by passive diffusion. 

Whev proteins, such as alpha lactalbumin and beta lacto- 
globulin, also bind calcium. Alpha lactalbumin binds calcium 
verv tightly, making it a true binding protein, like calmodulin. 
However, despite the sometimes spectacular effects of these 
piotcins and peptides on the solubility of calcium in the intes- 
tines in vnn). ihcy have a much less dramatic effect on calcium 
.ihsorpiinn and retention in vivo |3). 

The beneficial effect of lactose on the absorption of calcium 
and othei cations has been more intensively snidied than the 
elYccis of any i»thcr components of milk since it was demon- 
strated In rats by Bcrghcim in 1926 |24]. Interest increased 
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followinc ihc studies of French |25-27] and American 128-32) 
groups in ihc 1950s on ilie "laciosc cffcci". The scientific 
debate on this issue is well described in the review by Miller 
1 51. which is very well documented, but still incomplete. 

h was first thought by ihe yroup of Foumier that lactose and 
other "structural " sugars acted directly on bone like precursors 
of bone proteins. This notion was replaced by theories of an 
intestinal action [7,28,29]. It is now clear that lactose, like other 
slowly absorbed sugars, must be at the site of absorption |28). 
thai il prolongs the passive, vitamin D-independ^nt absorption 
of calcium in the ileum |533) and that the effects of this action 
may be spectacular (doubling absorption) if a high dose of 
lactose (15% lo 30% of the diet) is given. 

Several theories have stressed the importance of keeping 
calcium soluble in the distal pan of the intestines by forming 
soluble chelates 134] or by competition with inhibitors, such as 
phosphates. Foumier ei oi [26] studied the effect of competi- 
tion between lactose and phosphate on calcium absorption: 
lactose, like any other sugar that can be phosphorylated, ac- 
cepts a phosphate group in a reaction catalyzed by alkaline 
phosphatase, thereby reducing the inhibition by phosphates 
within the lumen of the intestines. These auth(»s therefore 
provided an'explanation of why lacjose in milk has little effect: 
the lactose and phosphate in milk have opposing effects. 

It has been shown, however, that lactose does not act by 
increasing the concentration of soluble calcium in the lumen or 
by increasing the solubility of calcium phosphate in vitro [30]. 
There is also no cotransport of lactose and calcium (32]. The 
American group supported the idea that lactose acts on the 
intestinal mucosa to increase its permeability. Ail high osmo- 
larily solutions double or triple the passive diffusion of cal- 
cium, probably by increasing the space of the intercellular 
junctions. This simple explanation may account fo( the effect of 
high doses of lactose 111]. Other studies |7,35] haye'shown that 
lactose and other sugars increase the absorption of calcium in 
the jejunum proportionally to their effects on water and sodiunri 
absorption. -.v .'•^ • 

The reduced bone resorption leads to the inhibition of bone 
turnover (27) in rats fed a lactose-enriched diet. This is caused 
by a large increase in intestinal calcium absorption (5J. How- 
ever, the rat is not the appropriate model in which to study 
human bone remodeling (sec below). 

The effect of lactose has been dearly demonstrated in many 
experiments in vitro and in short- and long- term trials in rats, 
but its significance for human nutrition is much less clear 
1 5,21). Paradoxically, lactose, at least at physiological concen- 
trations, does not seem to significantly affect the absorption 
of calcium from milk |36.37). Only verv* high doses of lactose 
(50 g'day.i have a net effect |7.3K). Calcium from yogurt, in 
which lactone is partially hydroly/cd. or from cheese, which 
contains no lacio.se. is atisoihoil as ofl'iciently as that from milk 
|22.40.-4I,H)51. 

Thus. Inclose, nt the Cimcciiiraiiims normally found in milk, 
seems to have no significant ciTcci on calcium absorption in 
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healthy aduhs on a normal diet |5]. However, any* effect of 
lactose on passive absorption may be m.lsked by active trans- 
port, which is generally sufficient if the dietar>' intake of 
calcium is moderate ami there is no lack of vitamin D. Lactose 
may be more important if calcium intake is high, especially m 
babies and the elderly, in whom solubility is a limiting factor 
and pa.ssive absorption is the predominant route 135]. Lacta,se 
deficiency does not prevent the calcium in milk from being 
well absorbed 136.41.42]. According to the excellent reviesy by 
Scrimshaw and Murray |43] on lactose intolerance, which is 
prevalent in most of the world, with the notable exceptiori of 
people originating from western and central Europe, even alac- 
tasic subjects can tolerate 250 g of milk per day and, thus, 
benefit from its calcium. *. 

Meals have a major effect on the absorption of insoluble 
calcium supplements like calcium carbonate. Calcium carbon- 
ate is better absorbed when given as part of a meal than when 
it is given without food, particularly in fasting subjects. This 
has been clearly shown in humans [44] and in pigs (45) and is 
likely due to the calcium's being dissolved by the gastric juices 
and to slower gastric emptying. 

Dietary Factors Influencing the Excretion of 
Calcium in Urine 

Cbntrarily to the simultaneous intake of phosphorus, which 
can be confused with the meal effect (all common foods are 
rich in phosphorus), and certain const inients that raise the pH 
(bicarbonate, potassium salts), all the other dietary factors that 
have an effect at the; kidney level increase the urinary loss of 
calcium generally by reducing tubular reabsorption [46). 

Phosphorus may have a direct effect by increasing the 
reabsorption of calcium in the distal part of the nephron or an 
indirect effect by stimulating PTH secretion or by enhancing 
the uptake of absorbed calcium into bone [47). The simulta- 
neous absorption of calcium and phosphorus increases the 
uptake of calcium by bone, thereby decreasing its loss in 
urine [45]. 

Excess. protein generally leads to an increase in the amount 
of calciunri lost in the urine, which may be masked by the 
opposing effect of excess P (from dietar\' components rich in 
both protein and PV This is especially tnic for proteins with 
high contents of .Milfur-containing :unino acids (cysteine, me- 
thionine), the breakdown of which releases sulfur oxidized as 
sulfate, causing moderate acidosis and increasing the excretion 
of calcium in the urine [48.49). Sulfate ions also bind calcium, 
preventing its tubular reabsorption |4*\5()-.'^2) and even its 
incorporation into bone |53). h is therefore not surprising that 
an excess of protein rich in sulfur nmini> id> oi other sources 
of sulfate (certain mineral w.ntcr>) v.nusc^ luorc calcium to W 
lo.st in the urine than other foods, .'^uv h as those eaten as part of 
a vegetarian diet or with hicarlHHuitcs !4\>.53.55]. 

Chronic metabolic :icidosis tine k* excessive intakes of 
sulfate and chloride anions leads lo hiiiher losso t»f calcium in 
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the urine. The alkalo^is rcsulling from ingcsiion of bicarbonaic 
or potassium cilrate has ihe opposiic cffcci |55]. 

Ii has long been known ihai ihe renal clearance of calcium 
is linked to thai of sodium. As almost all ingested sodium is 
excreted in the urine, this effect is particularly sensitive and several 
groups have developed equations describing it [46,56-60]. Ac- 
cording to these equations, every extra two grams of dietary 
sodium increases urinarv' calcium excretion by an average of 30 to 
• 40 milligrams. 

Clearly, dietar>' factors affecting the amount of calcium lost 
in the urine have a major influence on calcium balance and may 
even be more important than those that influence the intestinal 
availability of calcium |17]. This is why the inevitable loss of 
calcium in the urine (accounting for a large part of the main- 
tenance requiremeni) is greater for Western-type diets that are 
high in unfavorable factors such as animal protein, sulfates, 
sodium, coffee, tea and alcohol, than for other diets with lower 
levels of consumption of these factors. 

METHODS FOR MEASURING 
PALCIUM BIOAVAILABILITY 

Jn vitro Tests 

Solubility in a slightly acidic medium is necessary, but not 
sufTictent for bioavailability. The first step in the absorption of 
certain insoluble calcium supplements, given as tablets, is their 
disintegration and dissolution in the stomach. The solubility of 
CaCO, tablets is investigated using a kinetic rest (USP) of - 
dissolution in acetic acid (vinegar) in the US. Other, primary 
tests of absorbability use dialysis, ultrafiltration and various 
membrane techniques, particularly the isolated intestinal loop, 
pieces of mucosa or cell layers (caco-2 cells). None of these 
methods takes into account the whole range of nutritional, 
physiological and ecological factors that influence, absorption, 
' and none provides results directly Comparable iwith those ob- 
tained in vivo using whole animals. - 

Classical Balance Studies 

This is the only method that provides tnic. absolute data on 
absorbability and bioavailability. It also gives mean values, 
although these are only valid for the period tested, and the test 
period must be at least one week after starling the diet (but 
several weeks are often needed). The balance method provides 
data for apparent (intake— fecal) absorption and net retention 
(intake— fecal — urinar\*) and the corresponding coofficicnis. 
Isotope dilution studies, using a stable or radioactive isotope of 
calcium, injected at the start of the evaluation, give the fecal 
loss of endogenous calcium and. hence, true absorption ( in- 
take — exogenous fccal). 

Balance .Mudics are simv. labor-intensive nn\l expensive. 
The validity of the results obtained depends on how accurately 
the intake and output parameters are estimated. Fivcn under the 



most rigorous experimental conditions (animals in metabolic 
cages) the inevitable small errors in assessment of ininlic (mea- 
sured by excess) and fecal and urinary losses (measured by 
defect) always lead to an ovcresiimntion of the amounts re- 
tained. This ovcrcstimation may be vciy large when retention is 
low. as is always the case for adults 

Balance studies are essential for estimating the dietary 
needs of growing animals by the factorial method, but they^are 
of little use for studies on human adults. Even under the most 
rigorous conditions (several days in a metabolic unit), jhe 
measurements are poorly reliable. Con.^cquently. too much of 
the work published on human adults (normally in negative 
balance or equilibrium) has indicated that'.ihe individuals tested 
had a positive daily calcium balance as. high ai 200 to 300 mg 
calcium, which is most unlikely. - 

Fortunately, it is not necessary to carry out absolute balance 
studies or obtain absorption and retention coefficients for the 
comparison of several dietary sources of calcium. This can be 
achieved with values given relative to a reference source. This 
method only provides the bioavailability of calcium for an 
average diet over the lest period for human subjects and cannot 
be used to compare two sources of calcium. Calcium sources 
carl only be compared if the calcium is given as a single load, 
a test meal, giving the bioavailability of calcium at that lime 
point only. One method used for human subjects 161,62) in- 
volves a preliminary intestinal lavage with isotonic solution 
followed by the test meal and, then, 12 hours later, a second 
intestinal lavage to collect the unabsorbed fecal residue. This 
rather drastic and.uiiphysiological method has been used to 
show that there;.is Jlttle difference in the bioavailabilities of 
soluble and poorly soluble calcium salts [63]. 

Isotope Balance Methods 

As in classical balance studies, all feces and urine must be 
collected over a period of several days, but the balance is 
calculated only on the tracer isotope in the source of calcium 
being studied. The intake is known accurately because it is a 
single dose of radioactive C^Cq, *^Ca) or stable (^^Ca, ^Ca, 
^^Ca or '^rCa) isotope given in a test meal. The absorption and 
retention coefficients obtained are regarded as being represen- 
tative of all the calcium in the labeled source. 

Unlike the classical balance, the isotope test measures only 
the instantaneous bioavailability of a single dose taken as pan 
of a meal. There is generally no period of adaptation, and 
variations over lime are not taken into account, even though the 
coefficient of variation bervveen meals and between days is 
probably over 10% (6^). The results obtained depend greatly on 
the e.\|X-rimcntal protocol, particularly the liming of the t»pcr- 
aiions. such as whether Ihe isotope is given to iIk fasiinc 
subjcci before, with or after the meal. 

One of tlie main problems witb assessmems involving i>i>- 
lope tracers (see below) is the labeling technique itself. Ideally, 
an intrinsic marker should be used: for example, calcium in 



milk can be labeled by giving ihe cow several injections of 
*^Ca, whereas plant calcitim can be labeled by adding the 
isotope to the fertilizer. Most labeling is extrinsic, however: 
this means that the food to be studied is mixed with the isotope. 
^:CaCi:, for example. This assumes that there is a perfect 
exchange between the calcium in the foodstuff and the added 
isotope. Most dairy products seem to come rapidly to equilib- 
rium 1 63), as do many other foodstuffs |66), but this is not tr^ie 
for certain plant products thai contain insoluble calcium salts 
such as phynates and oxalates |67]. The bioavailability of cal- 
cium in these foods may therefore be considerably overesti- 
mated. 

Urinary Excretion of an Oral Calcium Load 

This is one of the methods most frequently used lo compare 
sources of calcium in human studies. Unlike some animals 
(e.g., rats and pigs), which lose little or less calcium via the 
urine, humans excrete large amounts of calcium in urine. The 
increase in the amount of calcium lost after a calcium load is 
given lo a fasting subject (about 500 mg Ca) may be thought of 
as reflecting the effectiveness of calcium absorption. However, 
the results reflect instant absorbability and also depend on 
several dietary factors that affect the loss of calcium in urine, 
by reducing it (phosphorus) or increasing it (sodium, high- 
sulfur protein, sulfate, certain carbohydrates). 

This test is simple and fast. A urinary response can be 
obtained three to four hours afler ingesting the test meal, and 
the urinary calcium data (relative to urinary creatinine) can be 
used to compare different sources of calciuiii (68-70). Varia- 
tions on this test use test meals labeled with stable isotopes. 

Measuring Isotopes Labeled in the Blood, Urine 
or Bone 

This may involve a single label for ihe rapid^ comparison 
(nvo to four hours after a single oral load) bhatfeled sources of 
calcium by measuring (sometimes with kinetic studies) radio- 
activity or stable isotope enrichment in the blood, urine or bone 
(used particularly for animals). An estimate of true relative 
absorption may also be.obtained by measuring the area under 
the plasma isotope concentration curve. The direct measure- 
ment of the radioactivity taken up by a representative bone is 
possible using the ''"Ca isotope (a gamma ray emitter). 

The most commonly used method at present is a double- 
label method in which a test meal labeled with one Ca isotope 
is ingested and a .second Ca isotope is injected intravenously. 
The behavior of this second isotope reflects, in principle. \Wq 
absorption. The isotope concentiaiions are measured later two 
to four hours in the blood. 24 - 3h hours in the urine). The ratio 
of the two isotopes I ingested and injected) is a.'isumcd to be 
equal lo the fractional ab.sorption (Kiwccn 0 and I) of the test 
calcium. Several sources of calcium can be compared rapidly 
and absolute inie absoibability determined over several days 
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wiihoul collccling feces. In addition, as these assa\s are rela- 
tively short' in duration, they can be repeated on "the same 
subjects after allowing for a "decontamination'" interval. 

This double radioisotope labeling technique has been 
widely used in animals and in humans |7I) A rapid inethotl in 
which one radioisotope of calcium is injected, followed by a 
second injection of the same isotope 2 hours later has been 
devised by Chanard et ol., |72) and used routinely by Wynckel 
et ol. 1 73). Stable isotopes are now used in double- label .Mmlies 
in humans |74]. The validity of several vaiiQiions of .♦this 
method, differing in the type of blood iample or urine sample 
used and in the method of calculation, has recently been ana- 
lyzed (75). 

Several accurate mass spectrometry' methods for measuring 
the enrichment of stable isotopes of calcium are now available 
[76]. The validity of bioavailability assessments based on these 
techniques depends, however, on several factors, including the 
quality of labeling of the test load, the representative nanjre of 
the samples and variations in the physiological and nutritional 
status of the experimental subjects. 

Long-Term Evaluation of Bone Mineralization 

* Measuring bone parameters afler prolonged treatment (sev- 
eral weeks for growing animals) is undoubtedly the most reli- 
able way of estimating the long-term effects of qualitatively 
and quantitatively different calcium intakes. The mineral con- 
tent, mineral density, breaking strength and morphometric pa- 
. rameiers of a representative bone can be measured for experi- 
mental animals piice they have been killed. The best methods 
currently available for measuring bone mass in several parts of 
the human skeleton are double X-ray absorptiometry 
(DEXA) or quantitative computed tomography (OCT) for 
lumbar vertebrae. 

These bonetriteria are generally sensitive enough for com- 
paring sources of calcium, provided that the subjects arc young, 
and reactive, with large calcium requirements and that they are 
assayed over a sufficiently long period. A single calcium intake 
concentration can be used for several sources, but it is better to 
use several intake concentrations for each source. This provides 
bone responses that vary with the intake. The slope-ratio of the 
curx'cs for each source gives the bioavailability. This method 
gives very good results because it eliminates the large effect of 
small changes in calcium intake. 

It is easier to interpret these data if the basal diet is low in 
calcium, because then almost all the calcium ingested conies 
from the te.M source, provided that all the other dietary factors 
affecting calcium 3bsor|>lion. such as proteins, phosphorus. 
ph\iatcs and .^^odium. remain the same. 

Mcasurinj; of Biological Markers in Ihe Blood 
or Urine 

i 

The concentration of TTM in the plasma falls when there is 
a small transient increase in plasma calcium conceniraiion (or 
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in Ca**) due lo ihc iniestinal absorpiion of nn oral calcium 
load. This iransicnt decrease is, however, proportional to ihe 
efficiency of absorpiion. This lest is easy 10 perform in shon- 
lerm comparative studies on human subjecis. bul ii docs not 
lake into account further urinar>' loss of calcium, hence its 
retention by bone. 

Some factors in the blood or urine var>' with the degree of 
bone accretion or resorption. They can therefore be used in 
comparative tests to measure the effect of various amounts of 
absorbed calcium. The loss of hydroxyprolinc in urine is an 
indicator of bone resorption. It is now used in complement with 
or has been replaced by assays of more specific bone markers., 
collagen "cross- 1 inks", pyridinoline or, belter si ill, deoxypyr- 
idinoline. 



SELECTION OF ANIMAL MODELS 

In vitro tests can be used to detect factors likely to alter the 
intestinal absorbability of calcium, but they are not really of use 
for quantifying bioavailability and cannot replace in vivo trials 
on animals, .Experiments in humans are, of course, ultimately 
required, but it is still necessary, for many reasons, to carry out 
animal studies. 

Selecting a Species 

The main species used are rats, pigs, guinea pigs and pri- 
mates. The dietary behavior of the animal must be taken into 
account, including the type of diet and frequency of meals, for 
example. Pigs are omnivores that eat rapidly two or ihfee meals 
per day. This similarity to human behavior makes them an ideal 
model. Rats and g:uinea pigs eat grain and are. continuous 
nibblers or gnawers without well defmed meals.. 

The physiological characteristic,^ of the rat also make it an 
unsuitable model. Its intestine presents high levels of phyiase 
" activity enabling it to hydrolyze phytates in To<^ and to absorb 
calcium down as far as ihe large intestine. Neither pigs nor 
humans are able lo do this, at least not to the same extent. The 
main problem with guinea pigs, rabbits and, to a lesser extent 
rats, is that they are coprophagous, a circumstance which 
makes interpretation of true absorption results complicated. 

Rats are poorer animal models than pigs for studies on bone 
metabolism because their skeletons are continuously giowinu 
and never reach a bone remodeling stage paralleling that of 
human adults. In pigs, closure of epiphyseal cartilage occurs at 
Ihe age of two to four years |77J. There is. however, no 
evidence thai this difference, which may be important when 
studying factors affecting osteoporosis jTSJ. has any effcci on 
the absorptive <3pacit>' of the intestine. 

Pigs and rats lose very little calcium in the urine, whereas 
humansand g«inea;pig54iave vJ^fv high urinary calcium levels. 
This factor limits the suitability of pigs for use in Mudics on ih.e 
factors that mav influence tirinarv calcium levels in humans. 



The lack of renal excretion of the excess absorbed calcium is 
probably offset in pics by greater elimiiiation via ih^^ endoge- 
nous fecal route. 

Interest and Advantages of Animal Experiments 

There Is no doubt that it is preferable to can)' oui experi- 
ments on animals than on humans for ethical, maicnal -and 
financial reasons. Clearly it is much more feasible to work.w ith 
young growing animals, whose calcium metabolism is- verN* 
active, than to attempt such studies ori- children.* Such experi- 
ments are important because the coefficients of calcium ab- 
sorption and retention often depend more on ihc physiological 
condition of the subject than on the "nature of the calcium 
ingested. Comparative studies on the bioavailability of several 
sources of calcium must therefore make use of subjects that are 
physiologically capable of retaining the ingested calcium. 

Several technical manipulations are possible, such as the 
insertion of intestinal cannulae or catheters for repeated blood 
sampling. Radioisotopes are less expensive to use than stable 
isotopes, and they are also easier to measure accurately. Long- 
term trials involving extended periods in metabolic cages can 
be used to accurately measure ingested and excreted amounts; 
such trials are far from easy in humans. It is also possible to 
lake organ samples from animals killed at a specific stage, 
which is of particular value for representative bone samples for 
a range of chemical, biological, morphometric and histological 
tests and for mechanical tests of breaking strength. 

The power of the statistical tests that can be used is much 
greater with animal inodels. It is easy to set up very uniform 
groups with mdSt of the animal species used (except, perhaps, 
primates), with very little variation between individuals and 
parameters like breed, strain, gender, age, weight, physiological 
state and dietary historv' all the same. Dietary components may 
be altered as required and the nmounis consumed and excreted 
are accurately known. 

It is thus possible to detect small but statistically significant 
differences between groups of ten individuals for animals, 
whereas dozens or even hundreds of individuals per group 
would be required if the experiments were done on humans. For 
example, we know that the average urinar\' loss of calcium in 
a human adult is 150±50 mg Ca/day (coefficient of varia- 
tion =30%). Therefore, an increase of 15 mg per day in re- 
sponse to a dietary factor (e.g.. sulfate) can only be statistically 
significant if the trial includes at least 100 subjects per group in 
a long term cross-over irial or many more subjects per group if 
it is a short-term trial wiih two groups. In contrasi. this type of 
small effect is readily demonstrated in animals and has a ver>^ 
considerable long-term physiological consequence. .Among 
other examples, the recent cxperimeni done by Cou7.\ et w/. 
1 74] ,^hows the limils of human cxpcrimenis. They concluded 
that sulfates in mineral water had .flo <ffi-cn>n urin^rN* calciimt 
loss, relative to milk, because the obser\ cd I4?« increase was at 
ihe limii of .statisiical significance. In fact, because of the large 
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variation between individuals that is inevitable in this t>pe of 
study, such a difference bcnvecn two croups coniaininc only 
nine adult subjects cannot be significant. However, the in- 
creases in urinar>' sulfate 1*^35%) and magnesium (-fl8^») 
were sicnificanl at the 5% level 

Only animal experiments can be used to show the sfaiisiical 
significance of small changes, and their demonstration in ani- 
mals indicates that they may also exist in humans. 

COMPARATIVE BIOAVAILABILITY 
OF CALCIUM IN FOODS: REVIEW 

Comparison of Sources of Calcium 

Human Studies. Many trials have been carried out over the 
past 15 years to compare calcium in milk with several other 
sources of calcium, such as salts, mineral waters and plant 
products. Almost 20 of the studies on bioavailability were 
carried out on men or women, using a variety of methods (true 
or apparent absorption, urinary calcium). None of the studies 
showed tha.t.the calchim in milk was more efficiently used than 
any calcium salt. Carbonate, gluconolactate, citromalate 
(CCM), chloride, lactate, acetate and citrate were tested 
(40,44,62,79-88]. The calcium from mineral water, bicarbonate 
or sulfate, was not found to be any better for absorption 
[73,74,89,90]. The findings were similar for several milk de- 
rivatives (yogurts, cheeses, chocolate milk, acidified milk) 
[40,70,90,91]. The calcium in milk and dairy products is much 
better absorbed than the calcium in spinach or watercress, as 
these plants have high oxalate conienis [64,84,92-^96]. Studies 
in humans, comparing the absorption of cafcium from milk 
with that of CCM, suggest that calcium availabilify-from CCM 
is higher [84,87], even than that from calcium* carbonate 
[33,44.84,87]. A study carried out on women showed that the 
fractional absorption of calcium. ffom cabbage waj better than 
that of calcium from milk [98]. ' 

Studies on Rats and Pigs. There have been about 15 
studies performed on rats over the past 15 years. They show a 
similar pattern, but many also include measurements of bone 
retemion of labeled calcium [27,39,65,99,101-103] and tested 
a wider spectrum of minerals and milk products as sources of 
calcium that would be possible in studies on humans. Thus, 
studies in rats show that the calcium in whey is as efficiently 
absorbed and utilized for bone mineralization as that bound to 
casein [ 104,105] and that there is little difference between dair>- 
products in general (milk, acidified milk, yogurt, skim milk, 
cream cheese, hard cheeses) [27,65,100.106). Two studies in 
rats found differences benveen the "calcium value** of yogurt 
and milk 1 1 02 J 07].4>ut their findings arc contradictory. Studies 
in humans have shown that calcium absorption from these two 
sources is similar ]40,4l.9ll. 

Long tenn studies in growing pigs 1 108.109) or ovaficcto- 
mi7.cd mini-pigs 1 1 10) have provided no evidence thai calcium 
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is better absorbed from milk and milk products (casein phos- 
phopeptides.* skim milk or yogurt) than from mineral salts 
{CCM. CaCOj). However, bone mineralization (evaluated by 
breakini: sirc-nuth) is better In animals fed yogurt as a calcium 
source than in those that obiain their calcium mamly from 
minerals (CaHPO. + CaCO,) 1 109]. 

As in humans, most trials in rats have found no difference 
between the use of Ca from yogurt and that from oiher milk or 
mineral sources [27,40,41,65,91.100). However, adding yogurt 
to the diet improves the fractional absorption of calcium ITJ I]- 
Calcium in cheese is as efficiently used as the calcium in milk 
or carbonate [40,65,70,91,106]. A study- on growing rats by 
Dupuis et al. [27] found that calcium is initially. better retained 
from milk products than from calcium carbonate, but that this 
difference is later lost. Calcium from plants (apart from cab- 
bage and some other crucifers), particularly that from cereals, is 
generally less well absorbed than the calcium from milk (1 12- 
1 14]. Phytates (present in large amounts in wheat bran and in 
soybean-based products) reduce the absorption of calcium from 
calcium carbonate [115] and from milk (1 16]. A study on rats 
using goat milk products found that the calcium from goat's 
cheese is less well retained than that from milk [65). Only one 
study in rats found that increasing the dietary calcium intake 
with calcium sulfate leads to an increase, in four weeks, in bone 
mineral content. The same calcium intake from milk provides 
similar (ash as % dry matter) or higher levels of mineralization 
(Ca as a % of bone dry matter) than that provided by calcium 
sulfate [113]. The bioavailability of calcium from milk was 
estimated to be 1 13% that of calcium from calcium sulfate in 
this study. 

To summarize. The mean apparent calcium absorption 
(% intake) from all collected data conceming calcium salts 
from htiman studies varied from 23% to 37%, excluding phos- 
phates, because of the too large range of variation and the 
paucity of data. The following averages have been calculated 
from 3 to 8 references (citrate, citromalate, chloride, lactate, 
gluconate or a mixture of lactate and gluconate) to 12 to 14 
references (carbonate, milk): carbonate, from 26.4 (fasting) to 
29 (meal);- citromalate from 32 (fasting) to 37 (meal), citrate 
23.5 (fasting), lactate + gluconate 24.5 (fasting), chloride 30.6 
(fasting), milk 32.4. cheese 32.8, mineral waters 32.3. oxalale- 
rich products (calcium oxalate, spinach, watercress) 13.2. 
These values are to be considered with care because they result 
from trials that compare different diets, ages and many other 
parameters. Furthermore, as suggested above, some calcium 
sources have been well investigated and some not. 

Calcium Absorption versus Bone Retention 

Intestinal absorption di»cs not necessarily reflect the bio- 
availability to the whole organism because calcium must be 
retained and used in bone formation and mineralization. l*hos- 
phorus must also be present for the prodticiion of hydroxyap- 
atitc ta complex tricalcium phosphate). The dissociation of 
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calcium iniake from lhai of phosphoms (if. for example, ihc 
calcium source is not ingested with the meal and'or ihis source 
coniains no P). may restrict bone mineralization. This has been 
known for some time and was recently confirmed in growing 
pi^s, which are extremely sensitive to dieiai>' mineral supplies 
|45.!17j. 

Three sources of calcium, calcium carbonate, CCM and 
milk, have been extensively studied. They all ensure the effi- 
cient absorption of calcium and also, over a long term (one to 
four years), that calcium is retained and used for bone miner- 
alization. This was reported by Prince ei ai 1 1 18] in a study on 
menopausal women, in whom calcium supplements, given as 
CaCO, tablets or as milk, reduce the bone loss measured over 
a tv^'O year period. Similarly, Smith et ai [119) studied 169 
women aged from 35 to 65 years who were given calcium 
carbonate supplements (or a placebo) for four years. The cal- 
cium carbonate supplements reduced bone loss around meno- 
pause (bone mineralization study) at 12 sites. A group of 
adolescents was given a calcium s\ipplement (one g/day, from 
900 mL milk or calcium carbonate tablets), and it was found 
that bone density, detemiined 10, 18 and 24 months later, was 
higher in those given calcium than in those given the placebo 
and that the milk and carbonate sources were equally effective 
[120]. Recently 1121] it was reported that calcium-enriched 
foods significantly increased bone mass accrual in prepubertal 
girls, with a preferential effect in the appendicular skeleton and 
greater benefit at lower spontaneous calcium intake. Lastly, 
postmenopausal bone loss was reduced «t the main sites of 
spongy bone (but not of cortical bone) by supplementing cal- 
cium intake with calcium carbonate or CCM in a two year 
study by Dawson-Hughes et al [122]. CCM was foiind to be 
the most effective. Other salts have been used in long-term 
studies (tricalcium phosphate, glucono- lactate plusxalcium car- 
bonate) and shown to reduce bone loss or the incidence of hip 
fracture 1 123; 124 J. 

. Such longinjdinal clinical studies have yet to be^done using 
mineral water as the source of calcium. Hcnte, there is, as yet, 
no evidence showing that calcium from mineral water is sim- 
ilarly effective. While several human studies indicate that cal- 
cium from these sources is as well absorbed as that from milk 
or calcium carbonate, the effect of prolonged mineral water 
consumption on bone mineralization is not yet clear. Only one 
study, thai of Ccpollaro et di, 1 125) reported a positive effect 
of consuming a hii^h-cnlcium bicarbonate water on the bone 
density of 45 menopausal women, after 13 months of this form 
of supplementation. Ihc control group (who drank a low- 
calcium water) was given no calcium supplement (calcium 
intake: supplemented. 1500 mg^'day; non-supplemented, 949 
mc.'dayi. Apart from this trial, there have only been very 
short tenn studies (a few days) for high-calcium mineral wa- 
ters, and such smdies arc »oo sht^rt to test for any bone effect 
1 74 J. Careful inter pre tatjon is therefore required; \ht efficient 
absorption of calcium from these high-sulfate. high-bicarbonat^ 
waters, similar to that of calcium fiom milk or carbonate, docs 



not necessarily show that this calcium is as well retained by 
bone. A recent preliminarx- report 1 126] showed thafciving a 
calcium supplement in the fomi of calcium- rich water to post- 
menop:iusal women for two months reduced bone resorption 
(dcicnnined by the excretion of markers of bone resorption), 
but that the effect was much less marked with high-sulfate 
water than with high-bicarbonate water. It is well known that 
the urinar>' loss of calcium is lower with alkalogenic diets, rich 
in vegetables and fruits or bicarbonates 1 54, 127). The problem 
of urinary loss of calcium with these calcium sulfate sources 
remains to be detemiined over longer periods. 

Our recent studies in growing pigs have shown greater bone 
mineralization (measured as ash, density and breaking strength 
of various bones) in pigs fed a "milk" diet .(70% of the calcium 
intake as powdered skim milk) than in pigs fed a "sulfate'* diet 
(50% of total Ca intake as CaSO^ and 33% as CaCOj) or a 
"carbonate" diet (80% of intake). The sulfate and carbonate 
diets gave similar levels of mineralization. All the diets had the 
same energy, protein and calcium contents (Pointillart and 
Gueguen, unpublished results). 

Casein Phosphopeptides, Proteins and 
Calcium Availability' 

The positive effects of milk casein phosphopeptides (CPP) 
on the absorption of calcium have been shown mainly with in 
vitro studies of calcium transfer (ligated intestinal loops or 
everted sacs) in rats [128-133] and in a few in vivo studies in 
rats in which calcium absorption and bone retention were 
measured [134-137]. The CPP were compared to soybean 
protein extracts; egg white [ 1 35), wheat gluten or gelatin 1 1 29] 
or fibrin ( 131). A snidy on isolated chicken intestinal loops also 
showed that CPP increased calcium transfer |14]. A diet in 
which 50% of calcium and about 33% of P are provided by 
CPP has no effect on calcium absorption or bone retention in 
pigs (108). Feeding of casein, a potential substrate to the 
release of CPP, to growing miniature pigs improved femur 
mineralization as compared to whey protein. This observation 
was true when vitamin D deficient diets were given but not 
when adejquate vitamin D supply was provided |I37). 

Studies on unweaned babies show that those fed soybean- 
based fonnula have 25% less bone mineralization (from den- 
sitometry measurements) than those fed milk-based formula 
1 138,139). Conversely, in vivo studies on ovariectomized rats 
showed that these animals lost less bone if fed a diet containing 
.soybean protein extract than if fed a milk-based diet 1 1 40, 141). 
The authors interpreted this as being tlue to the phytoestrogens 
in soybean. It is difficult to extrapolate ihc.^e results to humans, 
given that Tsuchita vt ai |I4C) clearly showed less bone lo.^s 
following ovariectomy in rats fed CPP than in rats given Ca and 
P as pure minerals. 

PprSidge |143) sbo>fcd grenicr calcium absitfi'ition in very 
young, pigs fed miik ihari in those fed an isocak ium diet 
containing soybean meal. Similar restills were obtained in pigs 



by Maisui ct ai |144]. The opposite pauem is later obsened 
<5oynbc3n>iiiilk) in pics ajied four months, and there is no 
difference in older animals (soyD=milk). 

The posiiive esirocen-mimetic effect on bone has only been 
observed in ovariecioinized rats, and soybean products have a 
high phytate content which may reduce calcium absorption, as 
has been clearly demonstrated, including in women [1 16,145). 
Lastly, several in vivo studies have shown that calcium in diets 
with various soyabean and CPP contents is similarly absorbed 
I rat: 1 04. 1 46 J 47; pig: 1 08]. A clinical study on unweaned 
babies up to six months old compared bone density at various 
stages of development, and found no difference between moth- 
er's milk and formulas based on soybean or on cow*s milk 
(148). In contrast, the amount of animal protein consumed by 
women was found to be strongly correlated with the incidence 
of hip fracture in a retrospective epidemiological study carried 
out by Abelow et ol. 1 149]. 

It has been shown in many studies that the greater the 
amount of dietary protein, the higher the urinary calcium level, 
regardless of whether the protein is casein or soybean protein 
[in rats: 147; in man: reviewed by Abelow et ai^ 149]. Thus, 
high levels of protem consumption lead to a negative calcium 
balance. Reducing the milk protein content of the diet reduces 
urinary calcium loss in man ( 1 50]. Calcium supplementation in 
the form of milk increases the amount of sulfate in urine 
because milk has a high content of sulfur-containing amino 
acids [80], and some studies have implicated these amino acids 
in the hypercalciuria and negative calcium balance associated 
with diets containing too much animal protein [51,55,147.151- 
1 53]. A horizontal study carried out in China on women who 
had consumed a variety of diets (with and without animal 
protein, plus or minus milk) indicated a greater correlation 
between urinary calcium and the consumption of animal pro- 
teins not derived from milk 1 154]. However, thiiigs'are not that 
simple. A study performed by Allen et o/. [155] on humans 
.with controlled diets and for whom the dietary protein was 
tripled from 12 g N/day to 36 g N/day bV 'iddmg so>'a extract 
clearly showed an increased urinary calcium loss (1.5-fold) 
which changed the calcium balance from -37 mg/day for 12 g 
N/day to - 137 mg/dny on 36 g N/day. despite high calcium 
intakes (1400 mg/day) and the similar absorptions. This prob- 
lem of the effect of excess protein. on bone has been recently 
discussed [55]. 

In Conclusion. While the proteins in milk or milk protlucts 
may have beneficial effects on bone mineralization, this is not 
always so. In contrast, the positive effects of soya on calcium 
retention have only been demonstrated in one rather special 
system, ovariectomized rats, while it has been clearly shown 
that the phyiaies in soya can reduce calcium absorption in 
humans. Both milk and CPP have a favorable cfloci on caK lum 
absorption. The high phosphonis content of milk may offset tho 
hypercalciuria ipduced by protein | J 5f>l. althoiijjh the intakes of 
both calcium and phosphorus provided by the milk help pro- 
mote bone mineralization. 
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The hypercalciuric effects of hich-protcin diets, particularly 
those containing animal proteins, arc well known.- however, 
human studies on the nature of these proteins, plani'animal. 
milk.*'non-milk proteins, and their long term influence on cal- 
cium balance or bone metabolism are still necessan before wtf 
can come to any conclusion about whether plant proteins are 
advantageous or not. Thus, particularly strict vegetarian diets 
that contain no milk products may present risks to bone min- 
eralization 1 157] because they do not provide an adecjuate 
calcium intake, without recotirse to supplements provide^ by 
mineral calcium tablets 1 1 14]. 

Lactose, Lactase and Calcium Bioavailability 

In Rats. Lactose is reputed to stimulate calcium absorption 
and most of the experimental evidence for this has been ob- 
tained in rats [21,25,26,29,39,158]. These in vivo studies pro- 
vide direct evidence that it acts on the intestines and on bone. 
There is also indirect, in vitro, evidence obtained from studies 
on isolated intestinal loops (3 LI 59] in which lactose was 
compared to another sugar or the absence of lactose [159]. 
Other studies on isolated gut loops in situ have, however, 
shown that 30% lactose can reduce the absorption of calcium 
chloride [15]. There is also other indirect experimental evi- 
dence. For example, in vivo studies have compared the calcium 
absorbed from normal milk and from milk in which the lactose 
had been hydrolyzed [39]. Others have shown that lactose, 
unlike sucrose, reduces the effects of a lack of vitamin D on 
bone [5]. Lastly^ adding lactose to cheddar cheese was found to 
give better calciurn absorption than with cheese alone [106). 

In Humans. The effect of lactose is perhaps less clear cut 
in man because it is complicated by the problem of lactose 
intolerance and thus of a lactase deficiency [see review by Scrim- 
shaw and Murray: 43]. Griessen et ol. [36] found that lactose 
increased the O-aciional absorption of calcium in lactase deficient 
(LD) patients, but most smdies have shown a reverse effect 
[38,160-162] or no effect [37]. A group of five studies showed 
that the presence of lactose, or its addition, stimulated calcium 
absorption in lactose-tolerant subjects [3538,161,163.164], but 
three other st\idies demonstrated no effect [37,165.166]. 

There is no real proof that hN-polactasic patients absorb 
calcium less well than others. At least one smdy [37] found that 
the absorption of calcium from a standard diet by lactase- 
deficient patients was better than that of lactose-tolerant pa- 
tients, another found that it was poorer [ 160]. while still others 
have reported that the basal absoiptions were similar 
[.^6.38.41 .1 1 1], even when there was milk or yogurt in the diet 
|4I). Yogurt can increase calcium absorption in both LD and 
noii-LD subjects [111] compared to a CaCU solution. 

Normal mother's milk results in better absorption of cal- 
cium by unweaned babies than when the lactose is r««ovcd. 
and adding lactase to mother's milk can increase calcium 
absorption 1 163). Lactose seems to have an even greater effect 
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on calcium absorpiion when absorpiion is basically poor 

A rccem clinical srvidy 1 167] on children about 10 years old 
found no difference beiwccn ihe bone dcnsiiirs of laciose- 
iniolerani and paired (heiiiht and wciiihi) conirols. bin ihcy did 
find thai there was a strong correlation (r = 0.9) between bone 
density and calcium intake in the lactose- intolerant children. 
Several epidemiological snidies have also shown thai laciosc- 
iniolerant subjects consume less calcium (from dairy products), 
which may predispose them to osteoporosis [168,169). This 
link is not always found, as indicated by the lack of a difference 
benvcen the bone densities of female twins, one of whom was 
hypolactasic and the other lactose tolerant tin response lo an 
oral load) 1 1 70). The answer may lie in the total amount of Ca 
consumed, i.e. from dairy and non-dairy foods. 

In conclusion. Several studies have shown that lactose has 
a positive effect on calcium utilization, but there is some 
uncertainty, al least in LD people in whom lactose can reduce 
absorption, ll is possible thai this effect is only temporary, as 
suggested by certain studies on the changes in calcium absorp- 
tion after a meal (38]. The literature contains many contradic- 
liotis concerning the reduced absorption in LD subjects. It is 
quite probable that the non-consumption of dairy products by 
these subjects tends lo reduce their calcium intake, but that 
could be offset by more efficient absorption, provided that they 
still have the capacity to adapt; it is far from clear that the 
elderly have such a capacity. 

Influence of Dairy Product Consumption on 
Bone Density 

All of the 14 clinical or epidemiological studies published 
over the past decade |1 18.171-181], except one .| 182). have 
shown that the consumption of dairy products iii childhood and 
adolescence has a positive effect on bone mineralization later in 
Jife. as assessed by bone density, measured at several sites in 
adults. They therefore confirm the classic-ifindiijgs of Matkovic 
et al. 1 1 83]. This effect on subsequent bone density is reduced 
or lost when milk is consumed between the ages of 20 and 30 
[172. 173 J 79]. Several smdies have found that a dairy product 
supplement increased bone density in adolescents 1174.177) or 
reduced bone loss in post-menopmisal women (118). Lastly, 
osteoporotic women were found to have consumed less dair\' 
product than heahiiy controls when they were children and 
adolescents 1 172.175). A recent review 1 184) done on children 
found that constimpiion of e.xtra calcium increased their bone 
density 1% to 5% or even 10% w hen the source of calcium was 
dairy products. This was recently confirmed with a double- 
hind, placebo-controlled trial in prepubertal girls |I2I). The 
question remains on whether such effects persist after six to 36 
months of intervention. 

Only one Mudy. that Prince »»/ af.\\\ 8J. has compared the 
effects of calcium supplements, given as l-g/day mineral tab- 
ids or dairy pfodncis. for two years on women at least 10 years 



after menopause. Doth types of stJpplements have similar ef- 
fects: ihev reduce bone loss from several sites in the hfp. but not 
from the lumbar vertebrae. The findings of a number of recent 
meta-analyses of data from horizontal .Mudies looking for a link 
bcnvecn calcium miake and bone loss have arrived at conira- 
dictorv' conclusions. However, prospective studies on the ef- 
fects of calcium supplements have generally shown that it has 
a positive impact on bone loss (185.186). According to Nordiri 
1 1 87], some contradictory conclusions could be due to errors in 
the dietar>' data. Nordin analyzed 19 trials, three using dairy 
products. This analysis clearly showed that calcium supplemen- 
tation reduced bone loss from 1.26% per year in controls to 
0.12% in those receiving calcium supplements (/7<0.005). 
These are data for the bone densities of 1300 postmenopausal 
women, measured at 1 1 bone sites, iricluding cortical and/or 
trabecular bone. The difference between the annual percent 
bone loss between supplemented and unsupplemented women 
varied from +0.28 (spine) to +4.1 (femoral diaphysis). Lastly, 
Lyritis et at. (188] found a correlation between the consump- 
tion of dairy products by young adult humans and their bone 
density. 

We can therefore say that a greater calchim intake, particularly 

of milk products, during the period of peak bone formation has a 
positive effect on bone density of adults and undoubtedly reduces 
the risk of osteoporosis. But only intervention studies have 
shown that calcium supplementation has a beneficial effect on 
bone loss, while the results of horizontal epidemiological smd- 
ies are more controversial. 



PECULIARITIES AND ADVANTAGES 
OF THE CALCIUM IN MILK AND 
DAIRY PIIODUCTS 

It is well worth remembering that milk and milk products 
are by far the main source of calcium in our diet [1]. Cow's 
milk contains an average of 1.20 g calcium per liter, 20% of 
which is bound to casein as an insoluble organic colloid and the 
remaining 80% in mineral form (45% in the tricalcium phos- 
phate of the phospho-caseinate. which is also insoluble and 
colloidal, and 35% soluble, including 12% as ionized calcium) 
1 189). The organic or mineral calcium bound to casein is 
readily released during digestion, and there is general agree- 
ment that its potential bioavailability is high. Most solubility 
studies use milk calcium as a reference standard. The calcium 
in spinach, which is present ;is an insoluble oxalate, is taken as 
the extreme cNample of poor bioavailability. However, except 
for newborns fed on mother s milk (calves drinking cow's 
milk) which can absc»rh almost nil the ingested calcium, the 
percen; of milk calcimn absorbed seldom exceeds ^0% under 
nonnal <lteu»ry conditions. 

The calcium in cheeses' is readily available, despite the fact 
that cheese often contains large amounts of saturated long chain 
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fatly acids and no lactose |22]. Tests on rais fed cheddar cheese 
labeled with *~Ca showed that the calcium was as well ab- 
sorbed as was that from milk and that absoiption was noi 
influenced by the maruration lime jlObl. 

There is therefore no difference in the availability of cal- 
cium from milk and most of the best mineral or organic sources 
of calcium which are often used as medicines or dietary sup- 
plements and whose coefficient of absorption is about 30% to 
40%. Only a few organic forms, like citrate- malate, can provide 
slightly better calcium availability |2]. 

Nevenheless, the calcium in milk differs in several inter- 
esting features from the calcium in other foodstuffs or supple- 
ments. These can be important when it is necessary to ensure 
high absorption of calcium under unfavorable physiological 
conditions [35]. Because it is bound to peptides and proteins, 
milk calcium is more likely to remain in solution when the pH 
is unfavorable, such as in achlorhydria. Milk calcium may be 
absorbed in the absence of vitamin D, under the influence of 
lactose in the distal small intestine via the paracellular route. 
Thus milk can provide calcium with "ensured absorbability" 
which is generally insensitive to external factors, except for 
Inhibitors, ^►uch as oxalic acid. Dairy products do not contain 
anything likely to inhibit the intestinal absorption of calcium, 
like phytates, oxalates, uronic acids or the polyphenols of 
certain plant foods. The hypercalciuric effect of sulfates from 
milk proteins is offset by the hypocalciuric effect of phospho- 
rus [ 1 56]- The endogenous sulfates produced by the breakdown 
of sulfur-containing amino acids produces a S04/Ca ratio of 
0.6, while this ratio is 2.6 in some high-sulfate, high-calcium' 
mineral waters. 

Lastly, it should be remembered that milk and dairy prod- 
ucts are not only excellent sotirces of calcium, but also provide 
an almost complete diet whose consumption provides a "meal 
effect'" 1 17). This fosters the absorption of calcium and pro- 
• J- vidcs a simultaneous intake of phosphorus .that is .essential for 
bone deposition. These advantages cannot be prbvidcd by any 
other source of calcium, such as calcium supplements or Ca- 
rich waters. 

As milk provides calcium with "protected absorbability.*' 
"prolonged absorption" -and "extended bone deposition," milk 
is the most suitable dietary constituent that meets the high 
calcium intake required by postmenopauj^al women and the 
elderly. This is especially important because, according to 
some workers 1 176], and for still unknown reasons, the inhibi- 
tion of bone remodeling that generally occurs in response to a 
high calcium intake is less marked when calcium is supplied by 
milk products. Fimhcr studies are now needed i*> identify a 
possible specific effect of milk prv>d\K is on bone, although this 
beneficial effect could be simply due to different rates of 
cailchim absoiption. wii^i slower gaMric emptying and a pro- 
longed passive diffiision fhai ensures an extended supply of 
calcium lo the bone. 
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f .:h.'.-. ir!rr i/. \iitnnon ci Senihic Alhnenraire. instiiui National de la Recherche Agronomique. Jouy cnJosns, FR.4NCE 
\ V. . c:ili :»n». bioavailability*, humans, milk, absorption, bone 

]h\> updaic focuses on the bioavailabiliiy of dietar>' calcium fof humans. Fundamentals of calcium ^ 
rpv.i..l>olism, iniesiinal absorplion. urinan- excieiion and balance are recalled. Dietars' factors, espccially-lactosc 
ana (.ihcr milk components, influencing calcium bioavailability at intestinal and lenal levels are reviewed. A 
cj ji »cal examination of all the methods used for evaluating calcium bioavailability is made. This includes in vitro 
Ms<:i vs. classical and isotopic balances, urinary excretion, isotope labeling in the urine, plasma and bones, long, 
lerin evaluation of bone mineralization and the use of biological bone markers. Importance and advantages of 
:inin)ul models arc discussed. The state of the art in the comparative bioavailability of calcium in foods is detailed 
liKliiding a comparison of sources of calcium (dairy products and calcium salts) in human snidies and in some 
animal studies, casein phosphopeptides, proteins, lactose and lactase and iheii relation with calcium bioavail- 
Tibjliiy (in humans and rats). An update on the consumption of dairy products and bone mass is presented. 
Kmpbasis on peculiarities and advantages of calcium in milk and dairy products is given. 

Key teaching points: 

• Milkiiovides large amounts of calcium and phosphorus and components such as lactose and casein phosphopeptides which may 
' i-nhsMCf calcium absorption and mineral retention. 

. i isinu -.i v.i, iLt> methods, no one has shown that the calcium in milk is more efficiently absorbed that most calcium salts. 

• i:;'.'.:i>Iin:i} ..bsi rjihon does not necessarily reflect the bioavailability of calcium to the whole organism because calcium must be 
rt'iaincd and used in bone formation and mineralization. 

• Three sources of calcium, milk, calcium carbonate and calcium citromalate, have been extensively studied. They all ensure the 
v-fficicnt :.hsorpiion of calcium and also .ensure, over the long term, thai calcium is retained and used for bone mineralization. 

• lilt I c is. vvT. no evidence showing thai the calcium from mineral water is as effective., 

. M::ny diicci ot indirect methods may be used to evaluate calcium bioavailability. The values obtained depend on the method: thus, 
coru'luMons im comparisons must be drawn with cafe. 



JMKO DUCT ION 

Koih <^c;cniist.s iukI the general public arc becoming incrcns- 
in|;jy aware of the importance of dieUi^f. c^lci.um. This is 
\[\Tvc\y due to the many research studies ihHx have demonstrated 
links bciAvccn dietary calcium intake and diseases such as 
osteoporosis, arterial hypertension and colon cancer. These 
disoasos have many causes, but the scientific commtmit>- now 
iccounizcs ihiii dictar\' calcium helps prevent them. 

Ihc average recommended dictar\* allowance (RDA) or 
:.di v,u.»i;- ii.take lAl) of calcium is about 900 mg per day (800 
!i?ffU niii. depending on the country ) for aduli.s. rising to 
i::i'0 ini:M:iy i'vt adolescents and the elderly. These RDAs are 
sjK i\ levels designed to provide adults with maximum proiec- 
lit.n against a negative calcium balance and. ln-nce. against 



bone loss. But ihey are also set so as to ensure that adolescents 
produce the ma.ximum amount of bone that is genetically 
possible and, hence, remain above the fracture threshold when 
they become older. 

A recent review of calcium consumption in France (1] 
determined the percentage of each sector of the population that 
coasiimed less than two thirds of the RDA, the critical thresh- 
old for defining groups at risk. These groups included about 
20% to 25% of men aged 1 8 to 65. 30% of women aged 1 8 to 
50. 50% of adolescent girls and men aged over f»5. and 75% of 
women over the age of 55. Elderly women living in institutions 
had particularly low calcium intakes. 

About 70% of dietary calcium comes from milk and dairy 
products, mainly cheese in adults. On\y n few L-reert vege- 
tables and dried fruits arc good sources of calcium rlf»% of 
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iniakc),. and drinking water, inchidinc mineral waicr. pro- 
vides 6% to 7%. 

There is no doubt that milk provides large amounts of 
calcium. While there is also no qnestion of the nuiiitional 
effectiveness of the calcium provided by milk, there is still 
some debate as to whether this source of calcium is biologically 
better than other sources, such as calcium salts, certain vege- 
tables or mineral waters. We have therefore included recent 
publications in which the calcium provided by dairy products is 
compared to calcium from these other sources. While our 
coverage is more extensive than that of many other reviews, 
there has been so much work published on this topic that we 
cannot claim to have cited all data. For general aspects of 
calcium metabolism and factors influencing bioavailability, we 
have drawn extensively on our earlier reviews of calcium 
availability [2,3] and complementary data may be found in 
other reviews (4-6). 

The review focuses particularity on the bioavailability of 
calcium from milk and dairy products. 



DEFINITIONS AND WAYS OF 
EXPRESSING BIOAVAILABILITY 

Absorbability, or the availability of calcium for absorption 
by the intestines, is often used as a synonyrti for bioavailability. 
It is, however, no more than the first step Jowards bioavailabil- 
ity. Calcium must be soluble in the acid medium of the stomach 
before it can be absorbed. Good solubility in water is an' 
advantage but is not absolutely necessary. The intestinal ab- 
sorption values measured in humans and annnals are not al- 
ways equivalent to, and are generally lower t(ian, calcium 
absorbability. The potential absorbability of calcium depends 
on the food, whereas absorption depends also on the absorptive 
capacity of the intestines, which is affected by physiological 
factors such as calcium reserves, hbrmoiiaT regulation or pre- 
vious dietary calcium supply. The potential absorbability is 
thus the absoipiion under the most favorable physiological 
conditions. 

Bioavailabilit}' depends on absorbability and the incorpora- 
tion of absorbed calcium into bone.. Hence, it also depends on 
the urinary excretion and fecal loss of endogenous calcium. As 
for intestinal absorption, physiological factors, particularly hor- 
mones, play a major role in the incorporation of calcium into 
bone. However, certain types of food increase the likelihood 
that absorbed calcium will be incorporated into bone, whereas 
others result in calcium being mainly excreted in the urine. The 
effeci.'i of small changes in the diet on the net calcium balance 
have been emphasized by several studies. Thus, certain anions, 
.Mich as sulfate and chloride, organic ligands (chelators) and 
e.xce.^$ "protein or Kxlium all increase the los.'^ of vulcium in ihc 
urine and. thus, hinder its incorporation into bone. C*on\ erselv. 
the incorporation of abjiorbed calcium into bone is .Mimulatcd 
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by phosphonis. but excess phosphorus may also cause undc- 
.Mrable ectopic calcification (outside of tht bone). The^ioavail- 
abiliiy of calcium may therefore be defined as the fraction of 
dietary calcitim that is potentially absorbable by the intestine 
and can bo used for physiological ftinctions. particularly bono 
mineralization, or to limit bone loss. 

Absorbability and bioavailabilif)' may be absolute or rela- 
tive. Unless defming dietnr\' needs by the factorial method, 
relative values are sufficient for determining the I'ractiori ab- 
sorbed in comparison with different sources of calcium. The 
values arc then expressed relative lo a leference source. 

The values measured may be mean v^ilues or discrete val- 
ues. Mean values are recorded for a whole diet or a single 
source of calcium studied over a period of weeks or months 
after adaptation. Discrete values are for a single meal or a 
single oral calcium load. They correspond less to normal di- 
etary conditions than mean values and do not lake into account 
the large variations that occur over time. 

FUNDAMENTALS OF 
CALCIUM METABOLISM 

InlesCina] Absorption 

Calcium must be in a soluble form, generally ionized 
(Ca**), at least in the upper small intestine or bound to a 
sohible organic molecule before it can cross the wall of the 
intestine. Absorption is the result of two processes, active 
transport across cells, mainly in the duodenum and the upper 
jejunum, and passive- diffusion, which occurs throughout the 
small intestine, W mainly in the ileum |7) and very little in the 
large intestine 1 8). 

Active Transport. The active transport system for calcium 
is saturable and regulated by dieiar>' intake and the needs of the 
body. It involves three stages: entr>' across the brush border of 
the entcrocyie. diffusion across the cytoplasm and secretion 
across the basolateral membrane into the extracellular liquid 
19.10). 

Calciurri. enters the cell via a positive electrochemical gra- 
dient because the calcium concentration in the cytoplasm is 
very low. It crosses the membrane via calcium channels and via 
membrane-binding transport proteins (calmodulin and mem- 
brane calciimv binding proteins). It may be stored transiently in 
organelles like the Golgi apparatus, endoplasmic reticulum 
(ER) or mitochondria, but then crosses the cvtoplasm attached 
to a calcium binding protein iCaBP or calbindin-D 9K), which 
is the rate limiting factor in active calcium transpon. Calcium 
may travel bound lo the protein if the CaBP remains' in the 
cytoplasm or via membrane- bound ve.Mcles if the CaBP is 
incoipt)ratcd into the lysosomcs |9J. It is extruded from the cell 
against an electrochemical grniliont by two routes. A small 
fraction 4eavcs by e.xchnnj^ing 3 Na"* for 2 Ca**, bui tnoht 
leaves via a calcitim pump.' a Ca- ATPasc activated b>' calcium. 
CaBP and calmodulin 
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Vitamin D influences sevcrni sicps in this active transport. 
The active meiaboliie is 1.25 dihydroxycholccalciferol 
(l.25(OH)rD5 or calcitriol).. which is produced by r\vo hy- 
droxylations of vitamin D. one in ihc liver (at position 25) and 
the other in the kidney (at position I). These reactions occur 
whether vitamin D3 comes from the diet or from UV irradiation 
of 7-dchydrocholesierol in the skin. The most striking effect of 
calcitriol is its control of the expression of the uene encoding 
CaBP, causing the sxiithesis of the protein, thereby regulating 
the migration of calcium across intestinal cells. Calcitriol also 
has a "liponomic" action, increasing membrane permeability 
and activating the Ca-ATPase [9-11]. Calcitriol behaves like a 
hormone. Its renal production is regulated by parathyroid hor- 
mone (PTH), the secretion of which is, in rum, stimulated by a 
fall in plasma calcium concentration, which may itself stimu- 
late calcitriol synthesis. The PTH-calcitriol system is also in- 
volved in bone resorption and increases the reabsorption of 
calcium by the renal mbule. This hormone system therefore 
controls all the calcium that enters the extracellular poo! of 
exchangeable calcium and ensures that the plasma calcium 
concentration varies little from 100 mg/L. 

The rate of sauirable, physiologically regulated active ab- 
sorption is negatively correlated v^ith dietary calcium intake. 
Newborn babies lack this active process, and old animals (most 
studies have been done on rats) have calcitriol receptors, but 
they are less abundant than in younger animals and the renal 
1-alpha-hydroxylase is less active: this is also the case in 
elderly people 112]. 

Supplementing the diet with vitamin D is not always al- 
lowed (it is forbidden in France), so most vitamin D comes * 
from UV irradiation of the skin. However, the recommended 
daily dietary intake of vitamin D for adults is about 400 lU ( 10 
micrograms). 

Some of the membrane and c>losoIic proteins involved in 
calcium transpon are not vitamin D-dependcni. One such pro- 
tein is calmodulin, and others may be dietary proteins like alpha 
' lactalbumin, which may act like calmodulm |9}/ Apart from 
vitamin D deficiency, these are the only dietary means of 
afTeciing this highly regulated physiological route of calcium 
absorption. 

Passive Diffusion. Passive absorption down an electro- 
chemical gradient occurs via intercellular junctions or spaces. It 
involves the mass movement of water and major solutes such as 
sodium and glucose. It is not samrable and therefore increases 
with dietary intake, provided that the calcium in the intestines 
is in an absorbable fonn. It is independent of vitamin D and age 
(9-11]. 

All components of the diet that make calcium soluble or 
keep it in solution within the ileum should stimulate passive 
diffusion. Several molecules do this, particularly milk proteins 
like ihc phosphopcptidcs derived from casein |13.M1 :>nd 
^mino acids like ^--lysine and L-argininc, which form .M>lunlc 
chelates with calcium IIOJ. Lactose and other caibohydraics. 
which are jiradually absorbed, also have an effect hut the 



mechanism involved is still a matter of controversy.* It is now 
generally agreed that lactose, at least in high doses.. mcrenscs 
the passive absorption of calcium in the absence of vitamin D 
and. consequently, decreases intestinal CnBP concentration and 
active transpon of calcium |15]. 

All molecules that increase the osmolarit> of the liquid in 
the ileum are likely to stimulate the passive diffusion of cal- 
cium 1 15], whereas certain amino acids act on the intercellular 
space causing contraction of the cytoskeleton 1 1 1]. 

Other dietary factors make calcium irreversibly insoluble at 
near-neutral pH values, by converting, it into forms such as 
phosphates, oxalates, phytates and soaps, which prevent pas- 
sive absorption in the ileum. A varietx' of dietary factors have 
been shown to affect the passive diffusion of calcium, and this 
is a promising area of research aimed aV;producing the "extra" 
absorption that is generally desired. 



Excretion, Retention and Balance of 
Absorbed Calcium 

Most retained calcium is stored in the skeleton (99% of the 
body's calcium), depending on its needs. The main factors 
affecting the efllciency of calcium storage in bone are not 
dietary; they are physiological, related to growth, pregnancy 
and lactation, for example. The deposition and resorption of 
bone are regulated by several hormones (e.g., PTH, calcitonin, 
calcitriol and estrogens), the actions of which are outside the 
scope of this review. Excess absorbed calcium that cannot be 
stored in bone is excreted in urine, feces and sweat. The 
calcium balance .in adult humans is zero, so all absorbed cal- 
cium is excreted by these routes, possibly after being incorpo- 
rated into and then released from bone. 

Almost all the calcium reabsorbed by the intestinal tract 
comes from secretions like the bile, and the endogenous cal- 
cium excreted in feces is the fraction that is not reabsorbed. 

The urinarv^ ioss results from glomerular filtration (about 
lOg Ca per day) and tubular reabsorption. which retrieves over 
98% of the filtered load |16]. Like intestinal absorption and 
bone exchange, the renal calcium flux is regulated by hor- 
mones, tubular reabsoipiion being particularly tightly regulated 
by PTH. " 

The amounts of calcium in human urine are much larger 
than those in the urine of other animals. Changes in the amount 
of calcium excreted in the urine may therefore have a major 
impact on calcium balance (17]. Certain dietary factors can 
influence the tubular reabsorption of calcium (.^ee below), and 
these must be carefully noted when evaluating calcium bio- 
availability. 

Fig. 1 shows the main pathways of calcium in adult humans. 
Human adults kise approximately (>.5®u of their l>onc mass each 
year: this means that their calcium balance is negative and they 
lose about SO mg i»f calciunri each day. This loss ofbene nwss 
may be \cx\ times greater irt p<isi- menopausal women. 

The ultimate goal of all hormonal, regulation of intestinal 
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Fig. K The main pathways of calcium in aduh humans. 

absorption, bone resorpuon and renal tubular reabsorption of 
calciun) is to keep the plasma calciunn concentration constant, 
particularly the 50% of calcium in the ionic form. PTH and 
calcitrio) are the most important hormones in calcium ho- 
meostasis. This complex control mechanism also regulates 
extracellular calcium, of which there are about 900 mg in the 
human body. Extracellular fluid (ECF) contains about 10"^ M 
Ca**; the concentration of calcium ions in the cytosol is more 
Mhan a lOOO limes lower (16). 



DIETARY FACTORS INFLUENCING 
CALCIUM BIOAVAILABILITY 

This review covers only exogenous factors associated with 
the diet. Other endogenous factors like age, physiological con- 
dition and hormonal regulation have been discussed earlier 
[4-6,17] and are not discussed here. The main cause of 
changes in the rate of absorption and retention .of calcium is 
clearly dietary intake, and there is an inverse 'relationship 
bet\^'een intake and utilization. These changes have little to do 
.with potential bioavailability,' which is not controlled by hor- 
mones and does not reflect the absor^.t'ive 'capacity of the 
intestines or the retentive capacity of bone. 

Dietary Factors Influencing Intestinal Absorption 

Some components of the diet, such as the ph\iatcs found in 
bran and most cereals and seeds, oxalates in spinach, rhubarb, 
walnuts and sorrel, and tannins (tea), can fonn insoluble com- 
plexes with calcium, thereby reducing its absorbability. This 
only seems to affect calcium balance if the diet is unbalanced, 
high-fiber strict vegetarian diets lacking dair>- prwliicts (calci- 
um), for example. This must be taken into account when 
comparing dairy products wiih soybe;in- based prtxJmts. which 
ore generally phyiaie-rich. The appaiently negative ihtluence of 
fiber on calcium absorption is mainly due to the phymtes that 
arc fr^ciitly assoeiafcU w ith dioiar>' fiber. Other plant civn- 
pounds, lightly mcthoxylated |xxiins lor example, sironyly 
inhibit , the absorption of calcium and oiher minerals IIS). 



Fibers themselves (cellulose, hemicelluloses. lignins and non- 
cellulose polysaccharides) seem lo have no direct ^effect on ■ 
calcium absorbability. Some indigestible carbohydrates and 
hard-to-diucst oligosaccharides have been shown to increase 
calcium absorption in the distal intestine by enhancing bacterial 
fermentation, thereby lowering the pH 1 19J. The effect of fibers 
and phyiates has been examined in several reviews |e.g., 4,20]. 
A relative excess of phosphate has been thought to increase the 
fecal excretion of calcium. However, conirar>' to this widely 
held view, excess P does not reduce calcium absorption, at . least 
if calcium intake is adequate. All Westem-type' meals haVc a 
Ca/P ratio well below 1, which favors the precipitation of 
calcium. This does not. however, prevent the normal absorption 
of calcium. Furthermore, the calciuni in calcium phosphate is 
as well absorbed as the calcium in^ other inorganic salts, 
whether eaten with or without lactose |21]. 

Lipids, especially milk fats, are thought by some to form 
insoluble soaps with calcium, reducing its bioavailability. 
However, although this chemical reaction is possible, it does 
not, in practice, interfere with calcium absorption |4J. The 
dietary soaps are dissociated at the low pH of the stomach and 
cannot reform until they reach the ileum, which is beyond the 
main area of calcium absorption. Fecal soaps are formed from 
free long-chain saturated fatty acids and unabsorbed calcium. 
The saturated fatty acids in milk and cheese can displace 
calcium from phosphates in the ileum, forming less soluble 
soaps which are excreted, but this has no effect on the absorp- 
tion of ingested calcium [22]. 

Other constituents of food, particularly components of milk, 
are thought to fav'or the intestinal absorption of calcium and to 
keep it in a soluble form until it reaches the distal intestine, 
where it can be absorbed by unsaturable routes that are inde- 
pendent of vitamin D. The best known are lactose, proteins and 
phosphopeptides. 

Many in vivo and in vitro studies on proteins and phos- 
phopeptides have demonstrated a positive effect of these mol- 
ecules on calcium absorption. Phosphopeptides, derived from 
the enzymatic hydrolysis of caseins in particular, have been 
shown to. sequester calcium and other cations, protecting them 
from potentially precipitating anions like phosphates in the 
intestine' (13.14.23]. Phosphopeptides therefore help to keep 
calcium in solution until it reaches the di.stal intestine, thereby 
facilitating its absorption by passive diffusion. 

Whey proteins, such as alpha lactalbumin and beta lacio- 
globulin. also bind calcium. Alpha lactalbumin binds calcium 
ver>' lightly, making it a true binding protein, like calmodulin. 
However, despite the sometimes spectacular effects of these 
proteins and peptides on the solubility of calcium in (be intes- 
tines in vitro, they have a much less dramatic effect t»n calcium 
absorption and retention in vivo \3\. 

The beneficial effect of lactose on the absorption of calcium 
and other cations has l5cen mor< inicnsivcly studied than the 
effects of any other components of milk since it was demon- 
strated in rats by Bcrgheim in 1926 124], Interest increased 
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following the Mudies of French 125-27) nnd American |28-321 
groups in the 1950s on the "laciose effccrv The scicniific 
debaie on this issue is well described in ihe review by Miller 
1 51. which is ver>' well documented, but still incomplete. 

It was first thought by the group of Foumicr thai lactose and 
other "structural" sugars acted directly on bone like precursors 
of bone proteins. This notion was replaced by theories of an 
intestinal action |7,28,29]. It is now clear that lactose, like other 
slowly absorbed sugars, must be at the site of absorption |28]. 
that it prolongs the passive, vitamin D indcpend'.'nt absorption 
of calcium in the ileum |5,33] and that the effects of this action 
may be spectacular (doubling absorption) if a high dose of 
lactose (15% to 30% of the diet) is given. 

Several theories have stressed the imponance of keeping 
calcium soluble in the distal part of the intestines by forming 
soluble chelates |34] or by competition with inhibitors, such as 
phosphates. Foumier et ai [26] studied the effect of competi- 
tion between lactose and phosphate on calcium absorption: 
lactose, like any other sugar that can be phosphorylated, ac- 
cepts a phosphate group in a reaction catalyzed by alkaline 
phosphatase, thereby reducing the inhibition by phosphates 
within the ,himen of the intestines. These authors therefore 
provided an explanation of why lactose in milk has little effect: 
the lactose and phosphate in milk have opposing effects. 

It has been shown, however, that lactose does not act by 
increasing the concentration of soluble calcium in the lumen or 
by increasing the solubility of calcium phosphate in vitro |30]. 
There is also no cotransport of lactose and calcium (32). The 
American group supported the idea that lactose acts on the 
intestinal mucosa to increase its permeability. All high osmo- 
larity solutions double or triple the passive diffusion of cal- 
cium, probably by increasing the space of the intercellular 
junctions. This simple explanation may account for the effect of 
high doses of lactose (1 1]. Other studies |7,35] havc'shown that 
lactose and Other sugars increase the absorption of calcium in 
the jejunum proportionally to.thejr effects on water" and sodium 
absorption. * . •] ' 

The reduced bone resorption leads to the inhibition of bone 
turnover [27] in rats fed a lactose-enriched diet. This is caused 
by a large increase in intestinal calcium absorption [5). How- 
ever, the rat is not the appropriate model in which to study 
human bone remodeling (see below). 

The effect of lactose has been clearly demonstrated in many 
experiments in vitro and in short- and long-term trials in rats, 
but its significance for human nutrition is much less clear 
15.21). Paradoxically, lactose, at least at physiological conccn- 
traitons, does not seem to significantly affect the absorption 
of calcium from milk (3637]. Only very high doses of lactose 
(50 g/day) have a net effect 17^8). Calcixim from vogun. m 
which lactose is partially hydrolyzcd, or from cheese, which 
contains no lactose, is absorbed as cfTiciently as that from milk 
122,40,41,1051. 

Thus, lactose, at the concentrations normally found in milH. 
seems to have no significant effecl on calcium absorption in 



healthy adults on a normal diet |5)- However, any effect of 
lactose on passive absorption may be masked by active trans- 
port, which is generally sufficient if the dietary^ intake of 
calcium is moderate and there is no lack of vitamin D. Lactose 
may be more important if calcium intake is high, especially m 
babies and the elderly, in whom solubility is a limiting factor 
and passive absorption is the predominant route (35). Lactase 
deficiency does not prevent the calcium in milk from being 
well absorbed 136,41,42). According to the excellent revic\y by 
Scrimshaw and Murray (43) on lactose intolerance, which is 
prevalent in most of the world, with the notable exception of 
people originating from western and central Europe, even alac- 
tasic subjects can tolerate 250 g of milk per day and. thus, 
benefit from its calcium. 'Z 

Meals have a major effect on the absorption of insoluble 
calcium supplements like calcium carbonate. Calcium carbon- 
ate is better absorbed when given as pari of a meal than when 
it is given without food, particularly in fasting subjects. This 
has been clearly shown in humans (44] and in pigs (45) and is 
likely due to the calcium*s being dissolved by the gastric juices 
and to slower gastric emptying. 

Dietary Factors Influencing the Excretion of 
Calcium in Urine 

Contrarily to the simultaneous intake of phosphorus, which 
can be confused with the meal effect (all common foods are 

rich in phosphorus), and certain constituents that raise the pH 
(bicarbonate, potassium salts), all the other dietary factors that 
have an effect at the" kidney level increase the urinary loss of 
calcium generally by reducing tubular reabsorption (46). 

Phosphorus may have a direct effect by increasing the 
reabsorption of calcium in the distal part of the nephron or an 
indirect effect by stimulating PTH secretion or by enhancing 
the uptake of a^bsorbed calcium into bone |47). The simulta- 
neous absorption of calcium and phosphorus increases the 
uptake of calcium by bone, thereby decreasing its loss in 
urine (45). 

Excess protein generally leads to an increase in the amount 
of calcium lost in the urine, which may be masked by the 
opposing effect of excess P (from dietary components rich in 
both protein and P). This is especially true for proteins with 
high contents of sulfur-containing amino acids (cysteine, me- 
thionine), the breakdown of which releases sulfur oxidized as 
sulfate, causing moderate acidosis and increasing the excretion 
of calcium in the urine |48,49). Sulfate ions also bind calcium, 
preventing its tubular reabsorption (46,50-52) and even its 
incorporation into bone (53). It is therefore not surprising thai 
an e.xccss of protein rich in sulfur amino acids or other sources 
of sulfate (cenam mineral waters) causes more calcium to be 
loM m the urine than other fixxls. such as those eaten as part of 
:i \eyclarian dici or with bicarboqates (49.54.551. 

Chronic metabolic aci^iosis due to excessive intakes of 
sulfate and chloride anions leads to higher losses of calcium in 
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ihc urine. The alkalosis resulting from ingestion of bicarbonaic 
or potassium cilraie has ihc opposite cffeci 155]. 

It has long been known that the renal clearance of calcium 
is linked lo that of sodium. As almost all ingested sodium is 
excreted in the urine, this effect is particularly sensitive and Severn! 
groups have developed equations describing it |46.56-60]. Ac- 
cording to these equations, every extra two grams of dietary- 
sodium increases urinary' calcium excretion by an average of 30 lo 
. 40 milligrams. 

Clearly, dietary factors affecting the amount of calcium lost 
in the urine have a major influence on calcium balance and may 
even be more imponant than those that influence the intestinal 
availability of calcium [17], This is why the inevitable loss of 
calcium in the urine (accounting for a large part of the main- 
tenance requirement) is greater for Western-type diets that are 
high in unfavorable factors such as animal protein, sulfates, 
sodium, coffee, tea and alcohol, than for other diets with lower 
levels of consumption of these factors. 

METHODS FOR MEASURING 
CALCIUM BIOAVAILABILITY 

Jn vitro Tests 

Solubility in a slightly acidic medium is necessary, but not 
sufficient for bioavailability. The first step in the absorption of 
certain insoluble calcium.supplements, given as tablets, is their 
disintegration and dissolution in the stomach. The solubility of 
CaCOj tablets is investigated using a kinetic test (USP) of 
dissolution in acetic acid (vinegar) in the US. Other primary 
tests of absorbability use dialysis, ultrafiltration and various 
membrane techniques, particularly the isolated intestinal loop, 
pieces of mucosa or cell layers (caco-2 cells). None of these 
methods takes into account the whole range df nutritional, 
physiological and ecological factors that influence absorption. 
> and none provides results directly- comparable. with those ob- 
tained in vivo using whole animals. * ' -> 

Classical Balance Studies 

This is the only method that provides true, absolute data on 
absorbability and bioavailabilit>'. It also gives mean values, 
although these are only valid for the period tested, and the test 
period must be at least one week after starting the diet (but 
several weeks are often needed). The balance method provides 
data for apparent (intake— fecal) absorption and net retention 
(intake — fecal — urinar>) and the corresponding coefficients. 
Isotope dilution studies, using a stable or radioactive isotope of 
calcium, injected at the start of the evaluation, give the fecal 
loss of endogenous calcium and, hence, true absorption i(tn- 
lake — exogenous feral). 

Balance ,Mudic& are slow, labor-intensive and <X^<jJSive. 
The validity of the results obtained depends on how accurately 
the intake and ouipiii parameters are estimated. Even uiider the 



most rigorous experimental conditions (animals in metabolic 
cages) the inevitable small errors in assessment of intake (mea- 
sured by excess) and fecal and urinar>' losses (measured by 
defect) always lead to an overcstimation of the amounts re- 
t,nincd. This overcstimation may be ver>' large when retention is 
low, as is always the case for adults. 

Balance studies are essential for estimating the dietary 
needs of growing animals by the factorial method, but they are 
of little use for studies on human adults. Even under the most 
rigorous conditions (several days in a metabolic unit^ the 
measurements arc poorly reliable. Consequen!ly:'too much of 
the work published on human adults, (normally in negative 
balance or equilibrium) has indicated that- the individuals tested 
had a positive daily calcium balance as high as 200 to 300 mg 
calcium, which is most unlikely. • . 

Fortunately., it is not necessary to carry out absolute balance 
studies or obtain absorption and retention coefficients for the 
comparison of several dietary sources of calcium. This can be 
achieved with values given relative to a reference source. This 
method only provides the bioavailability of calcium for an 
average diet over the test period for human subjects and cannot 
be used to compare two sources of calcium. Calcium sources 
can only be compared if the calcium is given as a single load, 
a test meal, giving the bioavailability of calcium at that time 
point only. One method used for human subjects [61,62] in- 
volves a preliminary intestinal lavage with isotonic solution 
followed by the test meal and, then, 1 2 hours later, a second 
intestinal lavage to collect the unabsorbed fecal residue. This 
■rather drastic and unphysiological method has been used to 
show that there, is little difference in the bioavailabilities of 
soluble and poofrly soluble calcium salts [63]. 

' Isotope Balance Methods 

As in classical balance studies, all feces and urine must be 
collected over a period of several days, but the balance is 
calculated only on the tracer isotope in the source of calcium 
being studied. The intake is known accurately because it is a 
single dose .of radioactive (*'^Ca, ^^Ca) or stable ("'Ca, ^''Ca, 
"•'Ca or '"'Ca) isotope given in a test meal. The absorption and 
retention coefficients obtained are regarded as being represen- 
tative of all the calcium in the labeled source. 

Unlike the clajisical balance, the isotope test measures only 
the instantaneous bioavailability of a single dose taken as pan 
of a meal. There is generally no period of adaptation, and 
variations over lime are not taken into account, even though the 
coefficient of variation bcrwecn meals nnd between days is 
probably over 10% 16-^]. The results obtained depend greatly on 
the experimental proioci»l- particularly the timing of the oper- 
ations, such as whether the isoiope is given lo the fasting 
subject before, with or after the meal. 

One of the main problems wiih assessments involving i.so- 
tope tracers (see below) is tlie labeling technique itself Ideally, 
an intrinsic marker should be used: for example, calcium in 
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milk can be labeled by giving the cow several injeciions of 
"^^Ca. whereas plani calcium can be labeled by adding ihc 
isotope to the fcnilizer. Most labeling is extrinsic, however; 
this means that the food to be studied is mixed wiih the isotope. 
'^^CaCI;.. for example. This assumes that there is □ perfect 
exchange between the calcium in the foodstuff and the added 
isotope. Most dairy products seem to come rapidly to equilib- 
rium 165). as do many other foodstuffs 166], but this is not true 
for certain plant products that contain insoluble calcium salts 
such as phyiates and oxalates |67]. The bioavailability of cal- 
cium in these foods may therefore be considerably overesti- 
mated. 

Urinary Excretion of an Oral Calcium Load 

This is one of the methods most frequently used to compare 
sources of calcium in human studies. Unlike some animals 
(e.g., rats and pigs), which lose little or less calcium via the 
urine, humans excrete large amounts of calcium in urine. The 
increase in the amount of calcium lost after a calcium load is 
given to a fasting subject (about 500 mg Ca) may be thought of 
as reflecting the effectiveness of calcium absorption. However, 
the results reflect instant absorbability and also depend on 
several dietary factors that affect the loss of calcium in urine, 
by reducing it (phosphorus) or increasing it (sodium, high- 
sulfur protein, sulfate, certain carbohydrates). 

This test is simple and fast. A urinary response can be 
obtained three to four hours after ingesting the test meal, and 
the urinary calcium data (relative to urinary creatinine) can be 
used to compare different sources of calcium [68-70]. Varia-' 
tions on this test use test meals labeled with stable isotopes. 

Measuring Isotopes Labeled in the Blood, Urine 
or Bone 

This may involve a single label for the rapid^ comparison 
(two to four hours after a single oral load) of labeled sources of 
calcium by measuring (sometimes with kinetic studies) radio- 
activity or stable isotope enrichment in the blood, urine or bone 
(used particularly for animals). An estimate of true relative 
absorption may also be obtained by measuring the area under 
the plasma isotope concentration cur\'e. The direct measure- 
ment of the radioactivity taken up by a representative bone is 
possible using the '''Ca isotope (a gamma ray emitter). 

The most commonly used method at present is a double- 
label method in which a test meal labeled with one Ca isotope 
is ingested and a second Ca isotope is injected intravenously. 
The behavior of this second isotope reflects, in principle, \0Q% 
absorption. The isotope concentrations are measured later nvo 
to four hours in the bli>od. 24-36 hours in the urine). Tliefatio 
of the two isotopes <mccsic\i and injected) is assumed to be 
equal to the fractional absorption (txtween 0 and I) of Air lcM 
calcium. Several sources of calcium can be compared rapidly 
and absolute true ahsoibabiliiy determined over several days 
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without collecting feces. In addition, as these assays are rela- 
tively short' in duration, they can be repealed on the same 
subjects after allowing for a • decontamination" interval. 

This double radioisotope labeling icchniqtie has been 
widely used in animals and m humans |71]. A rapid method in 
which one radioisotope of calcium is injected, followed by a 
second injection of the same isotope 2 hours later has been 
devised by Chanard ei aJ., |72] and used routinely by Wynckel 
et aL 1 73). Stable isotopes are now used in double- label st^udies 
in humans |74]. The validity of several variations ofMhis 
method, differing in the type of blood -sample or urine sample 
used and in the method of calculation, has recently been ana- 
lyzed 175]. 

Several accurate mass spectrometry riielhods for measuring 
the enrichment of stable isotopes of cailcium are now available 
|76]. The validity of bioavailability assessments based on these 
techniques depends, however on several factors, including the 
quality of labeling of the test load, the representative nature of 
the samples and variations in the physiological and nutritional 
status of the experimental subjects. 

Long-Term Evaluation of Bone Mineralization 

■ Measuring bone parameters after prolonged treatment (sev- 
eral weeks for growing animals) is undoubtedly the most reli- 
able- way of estimating the long-term effects of qualitatively 
and quantitatively different calcium intakes. The mineral con- 
tent, mineral density, breaking strength and morphometric pa- 
rameters of a representative bone can be measured for experi- 
mental animals ortce they have been killed. The best methods 
currently available for measuring bone mass in several pans of 
the human skeleton are double X-ray absorptiometry 
(DEXA) or quantitative computed tomography (OCT) for 
lumbar vertebrae. 

These bone criteria arc generally sensitive enough for com- 
paring sources 6f calci\im, provided that the subjects arc young, 
and reactive, with large calcium requirements and that they are 
assayed over a sufficiently long period. A single calcium intake 
concentration can be used for several sources, but it is belter to 
use sieverai intake concentrations for each source. This provides 
bone responses that vary with the intake. The slope-ratio of the 
curN'es for each source gives the bioavailability. This method 
gives very good results because it eliminates the large effect of 
small changes in calcium intake. 

)l is easier to interpret these data if the basal diet is low in 
calcium, because then almost all the calcium ingested comes 
from the test .source, provided that all the other dietarv' factors 
affecting calcium absorption, such as proteins, phosphonis. 
phyiates and soditim. remain ihe same. 

Measuring of Biological Markers in the Blood 
Or Urine 

The concentration of PTH in the plasma falls when there is 
a small transient increase in plasma calcium concentration (or 
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in Ca"') due lo ihc imcsiinal absorplion of an oral calcium 
load. This uansicni decrease is, however, proponional io the 
efficiency of absorplion. This tesi is easy to perform in short- 
tenn comparative studies on human subjects, but it does not 
take into accouni further urinan' loss of calcium, hence its 
retention by bone. 

Some factors in the blood or urine vary with the degree of 
bone accretion or resorption. They can therefore be used in 
comparative tests lo measure the effect of various amounts of 
absorbed calcium. The loss of hydroxyproline in urine is an 
indicator of bone resorplion. It is now used in complement with 
or has been replaced by assays of more specific bone markers, 
collagen ' cross-links'', pyridinoline or, belter still, dcoxypyr- 
idinoline. 



SELECTION OF ANIMAL MODELS 

In vitro tests can be used to detect factors likely to alter the 
intestinal absorbability of calcium, but they are not really of use 
for quantifying bioavailability and cannot replace in vivo trials 
on animals. Experiments in humans are. of course, ultimately 
required, but it is still necessary, for many reasons, to carry out 
animal studies. 

Selecting a Species 

The main species used are rats, pigs,, guinea pigs and pri- 
mates. The dietary behavior of the animal must be taken into 
account, including the t>pe of diet and frequency of meals, for 
example. Pigs are omnivores that eat rapidly two or three meals 
per day. This similarity lo human behavior makes them an ideal 
model. Rats and guinea pigs eat grain and are continuous 
nibblers or gnawers without well defmcd meals. • 

The physiological characteristics of the rat also make it an 
unsuitable model. Its intestine presents high levels of phytase 
' activity enabling it to hydrolyze.phi^aies Jri'focy and to absorb 
calcium down as far as the large intestine, hieither pigs nor 
humans are able to do this, at least not to the same extent. The 
main problem with guinea pigs, rabbits and. to a lesser extent 
rats, is that ihey are coprophagous. a circumstance which 
makes interpretaiion of in)e ab.'iorption results complicated- 
Rats arc poorer animal models than pigs for studies on bone 
metabolism because their skeletons are continuously growing 
and never reach a bone remodeling stage paralleling that of 
human adults. In pigs. clo.Mire of epiphyseal cartilage tKCurs at 
the age of two to four years |77). There is. however, no 
evidence that this difference, which may be important when 
studying factors affecting o.Mcoporosis |7.S], has any erfcct on 
the absorptive capacity of the intern inc 

Pigs and rats lose ver> liitlc calcium in the urine, whereas 
liumans and guinea |>ig.^ have ver>' high urinnf\- calcium levels. 
This factor limits the snitabiliiy of pigs for use in studies on the 
factors that may inllucnro iirinar>' calcium levels in humans. 




The lack of renal excretion of ihe excess absorbed ca I cnim is 
probably offset in pigs by grealer elimination via the cndocc- * 
nous fecal route. 

Interest and Advantages of Animal Experiments 

There is no doubt that it is preferable lo carry out experi- 
ments on animals than on humans for ethical, material- and 
fmancial reasons. Clearly it is much more feasible to work with 
young growing animals, whose calcium metabolism is xcry 
active, than to attempt such studies oa children. Such experi- 
ments are important because the coefficients of calcium ab- 
sorption and retention often depend more on the physiological 
condition of the subject than on the nature of the calcium 
ingested. Comparative smdies on the bioavailability of several 
sources of calcium must therefore make use of subjects that are 
physiologically capable of retaining the ingested calcium. 

Several technical manipulations are possible, such as the 
insertion of intestinal cannulae or catheters for repeated blood 
sampling. Radioisotopes are less expensive to use ihan stable 
isotopes, and they are also easier to measure accurately. Long- 
term trials involving extended periods in metabolic cages can 
be used to accurately measure ingested and excreted amounts; 
such trials are far from easy in humans. It is also possible to 
take organ samples from animals killed at a specific stage, 
which is of particular value for representative bone samples for 
a range of chemical, biological, morphometric and histological 
tests and for mechanical tests of breaking strength. 

The power of the statistical tests that can be used is much 
greater with animal models. It is easy to set up very uniform 
groups with most of the animal species used (except, perhaps, 
primates), with very little variation between individuals and 
parameters like breed, strain, gender, age. weight, physiological 
slate and dietary history all the same. Dietary componenis may 
be altered as required and the amounts consumed and excreted 
are accurately known. 

It is thus possible to detect small but statistically significant 
differences between groups of ten individuals for animals, 
whereas dozens or even hundreds of individuals per group 
would be required if the experiments were done on humans. For 
example, we know that the average urinar>' loss of calcium in 
a human adult is 150:!: 50 mg Ca/day (coefficient of varia- 
tion=30%). Therefore, an increase of 15 mg per day in re- 
sponse lo a dictar\' factor (e.g., sulfate) can only be statistically 
significant if the trial includes at least 100 subjects per group in 
a long term cross-over trial or many more subjecis per ^roup if 
it is 3 short-ienm trial with two groups. In contrast, this t> pe of 
small effect is readily demonstrated in animals and has a very- 
considerable long-term physiological consequence. Among 
oihtr examples, the recent experiment done by C inizy a til. 
1 74] shows the limits of human cxpcrimenis. Tlicy concluded 
that sulfates in mineral wrftePhi^i^o effect on urinar>* calcium 
loss, relative to milk*, becatise Ihcobserxcd I4'' d increase was at 
the limit of stati.stical significpnce. In faci. bixause of the large 
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variation between individuals that is ineviiable in this type of 
study, such a difference between two croups containing only 
nine adult subjects cannot be significant. However, the in- 
creases in urinar>' sulfate t-f35'^o) and maLTiesium ( + 18%) 
were siuniftcant at the level. 

Only animal experiments can be used to show the statistical 
significance of small changes, and their demonstration in ani- 
mals indicates that they may also exist in humans. 



COMPARATIVE BIOAVAILABILITY 
OF CALCIUM IN FOODS: REVIEW 

Comparison of Sources of Calcium 

Human Studies. Many trials have been carried out over the 
past 15 years to compare calcium in milk with several other 
sources of calcium, such as salts, mineral waters and plant 
products. Almost 20 of the studies on bioavailability were 
carried out on men or women, using a variety of methods (true 
or apparent absorption, urinary calcium). None of the studies 
showed that the calcium in milk was more efficiently used than 
any calcium salt. Carbonate, gluconolactate, citromalate 
(CCM), chloride, lactate, acetate and citrate were tested 
[40,44,62,79-88]. The calcium from mineral water, bicarbonate 
or sulfate, was not found to be any better for absorption 
[73,74,89,90]. The findings were similar for several milk de- 
rivatives (yogurts, cheeses, chocolate milk, acidified milk) 
[40,70,90,91]. The calcium in milk and dairy products is much 
better absorbed than the calcium in spinach- or watercress, as' 
these plants have high oxalate contents |64,84,92^96). Studies 
in humans, comparing the absorption of calcium from milk 
with that of CCM, suggest that calcium availability from CCM 
is higher [84,87), even than that from calciuni carbonate 
(33,44,84.87). A study carried out on women showed that the 
fractional absorption of calcium from cabbage was better than 
* that of calcium from milk (98). / ' 

Studies on Rats and Pigs. There have been about 15 
studies performed on rats over the past 1 5 years. They show a 
similar pattern, but many also include measurements of bone 
retention of labeled calcium (2739.65,99,101-103] and tested 
a wider spectrum of minerals and milk products as sources of 
calcium that would be possible in studies on humans. Thus, 
studies in rats show that the calcium in whey is ns efficiently 
absorbed and utilized for bone mineralization as that bound to 
casein 1 1 04, 1 05] and that there is little difference between dair>' 
products in general <milk, acidified milk, yogurt, skim milk, 
cream cheese, hard cheeses) (27,65,100.106). Two studies in 
rats found differences l>enveen the "Vnlcium value ' of yogurt 
and milk 1 102,107], but their findings are coniradicior>*. Studies 
in humans have shown that calcium absorpiion from these two 
sourc^es is simHar (40,41.91 1 

Long tenn studies in growing pigs ( I08.H»9) or ovariccio- 
mized mini-pigs |l 10) have provided no evidence that calcium 



is better absorbed from milk and milk products (casein phos- 
phopeptides: skim milk or yoguri) than from mineral salts 
(CCM. CaCO,). However, bone mineralization (cvaluaied by 
breaking strength) is better in animals fed yogurt as a calcium 
source than in those that obtain iheir calcium mainly from 
minerals (CaHPO. + CaCO,) ( 109]. 

As in humans, most trials in rats have found no difference 
between the use of Ca from yogurt and that from other milk or 
mineral sources (27,40,41,65.91,1001. However, adding ypguri 
to the diet improves the fractional absorption of calcium \ \') 1]. 
Calcium in cheese is as efficiently used as the calcium in milk 
or carbonate (40,65,70,91,106). A studv: on growing rats by 
Dupuis et aL [21] found that calcium is initially beuer retained 
from milk products than from calcium. carbonate, but that this 
difference is later lost. Calcium from plants (apart from cab- 
bage and some other crucifers), particularly that from cereals, is 
generally less well absorbed than the calcium from milk (112- 
1 14). Phytates (present in large amounts in wheat bran and in 
soybean-based products) reduce the absorption of calcium from 
calcium carbonate [115] and from milk (1 16). A study on rats 
using goat milk products found that the calcium from goat's 
cheese is less well retained than that from milk (65). Only one 
study in rats found that increasing the dietary calcium intake 
with calcium sulfate leads to an increase, in four weeks, in bone 
mineral content. The same calcium intake from milk provides 
similar (ash as % dry matter) or higher levels of mineralization 
(Ca as a % of bone dry matter) than that provided by calcium 
sulfate (113). The bioavailability of calcium from milk was 
estimated to be 1 13% that of calcium from calcium sulfate in 
this study. - J * 

To summarize. The mean apparent calcium absorption 
(% intake) from all collected data concerning calcium salts 
from human studies varied from 23% to 37%, excluding phos- 
phates, because of the too large range of variation and the 
paucity of data,' The following averages have been calculated 
from 3 to 8 references (citrate, citromalate, chloride, lactate, 
gluconate or a mixture of lactate and gluconate) to 12 to 14 
references (carbonate, milk): carbonate, from 26.4 (fasting) to 
29 (meal),, citromalate from 32 (fasting) to 37 (meal), citrate 
23.5 (fasting), lactate + gluconate 24.5 (fasting), chloride 30.6 
(fasting), milk 32.4. cheese 32.8, mineral waters 32.3. oxalate- 
rich products (calcium oxalate, spinach, watercress) 13.2. 
These values are to be considered with care because they result 
from trials that compare different diets, ages aiid many other 
parameters. Furthermore, as suggested above, some calciiim 
sources have been well investigated and some not. 

Calcium Absorption versus Bone Retention 

Intestinal absorption does not necessarily reflect the bio- 
availability to she whole organism because calciism mnst be 
retained :md ll^ed in bone formation and?mineralizaiioa, Phos- 
phonis mlist also be present for the production of hydroxyap- 
atite (a complex tricalcium phosphate). The dissociation of 
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caiciiim iniakc from ihai of phosphonis Of. for example, ihc 
calcium source is noi incesied wiih ihc meal aiid or ihis source 
coniains no P), may reslrict bone mineralizaiion. This has been 
kjiown for some time and was recenily confimied in crowing 
pigs, which arc extremely sensitive to dietar\' mineral supplies 
145J17J. 

Three sources of calcium, calcium carbonate. CCM and 
milk, have been extensively studied. They all ensure the effi- 
cient absorption of calcium and also, over a long term (one to 
four years), that calcium is retained and used for bone miner- 
alization. This was reported by Prince et al.\\\ 8] in a study on 
menopausal women, in whom calcium supplements, given as 
CaCOj tablets or as milk, reduce the bone loss measured over 
a nvo year period. Similarly, Smith ei ai [119] studied 169 
women aged from 35 to 65 years who were given calcium 
carbonate supplements (or a placebo) for four years. The cal- 
cium carbonate supplements reduced bone loss around meno- 
pause (bone mineralization study) at 12 sites, A group of 
adolescents was given a calcium supplement (one g/day, from 
900 mL milk or calcium carbonate tablets), and it was found 
that bone density, determined 10, 18 and 24 months later, was 
higher in those given calcium than in those given the placebo 
*and that the milk and carbonate sources were equally effective 
[120]. Recently |12l] it was reported that calcium-enriched 
foods significantly increased bone mass accrual in prepubertal 
girls, with a preferential effect in the appendicular skeleton and 
greater benefit at lower spontaneous calcium intake. Lastly, 
postmenopausal bone loss was reduced, at the main sites of 
spongy bone (but not of conical bone) by supplementing cal- 
cium intake with calcium carbonate or CCM in a two year 
study by Dawson- Hughes ei ai \\22\. CCM was found to be 
the most effective. Other salts have been used in long-term 
studies (iricalcium phosphate, glucono-lactate plus calcium car- 
bonate) and shown to reduce bone loss or the incidence of hip 
fracture 1123.124]. 

Such longitudinal clinical studies have yet to be done using 
mineral water as the source of calcium, ^riej1ce,lthere is, as yet, 
no evidence showing that calcium from mineral water is sim- 
ilarly effective. While several human studies indicate that cal- 
cium from these sources is as well absorbed as that from milk 
or calcium carbonate, the effect of prolonged mineral water 
consumption on bone mineralization is not yet clear. Only one 
study, that of Cepollaro er o/., ( 125] reported a positive effect 
of consuming a high-calcium bicarbonate water on the bone 
density of 45 menopausal women, after 13 months of this form 
of supplementation. The control group (who drank a low- 
calcium water) was given no calcium supplement (calcium 
intake: supplemented. 1500 mg'day; non-supplemented. 949 
mg day). .Xpart from this trial, there have only been vcr\ 
slion-tcrm Mudies (a few days) for high-calcium mineral wa- 
ters, and stich studies are too short to test for any bone effect 
1 741. Careful iiiicrpreiation is therefore required: -ihe efllcicnt 
absorption of calcium from these high-sulfate, high-bicarbonate 
waters, similar to that of calcium from milk or carbonate, does 



not necessarily show that this calcium is as well retained by 
bone. A recent preliminar>- repon 1 126]' showed ihaveivinu a ' 
calcium supplement in the form of calcium-rich water to post- 
menopausal women for nvo months reduced bone resorption 
(determined by ihe excretion of markers of hone resorption), 
but that the effect was much less marked with high-sulfate 
water than with high-bicarbonate water. It is well known that 
the urinnr)' loss of calcium is lower with alkalogenic diets, rich 
in vegetables and fruits or bicarbonaies [54.127]. The prob'leni 
of urinary loss of calcium with these calcium sulfate sources 
remains to be dctennined over longer periods. 

Our recent studies in growing pigs Have shown greater bone 
mineralization (measured as ash, density and breaking strength 
of various bones) in pigs fed a *'miik"iliet (70% of the calcium 
intake as powdered skim milk) than in gigs fed a "sulfate" diet 
(50% of total Ca intake as CaSO^ and 33% as CaCOj) or a 
"carbonate" diet (80% of intake). The sulfate and carbonate 
diets gave similar levels of mineralization. All the diets had the 
same energy, protein and calcium contents (Poinlillart and 
Gueguen, unpublished results). 

Casein Phosphopeptides, Proteins and 
Calcium Availabilit>' 

The positive effects of milk casein phosphopeptides (CPP) 
on the absorption of calcium have been shown mainly with in 
vitro studies of calcium transfer (ligated intestinal loops or 
everted sacs) in rats 1 128- 133] and in a few in vivo studies in 
-rats in which calcium absorption and bone retention were 
measured II34Tr37). The CPP were compared to soybean 
protein extract^fegg white [135], wheat gluten or gelatin (129] 
or fibrin ( 1 3 1 ]. A study on isolated chicken intestinal loops also 
showed that CPP increased calcium transfer (14]. A diet in 
which 50% of calcium and about 33% of P are provided by 
CPP has no effect on calcium absorption or bone retention in 
pigs |108J. Feeding of casein,. a potential substrate to the 
release of CPP, to growing miniature pigs improved femur 
mineralization as compared to whey protein. This observation 
was true when vitamin D deficient diets were given but not 
when adequate vitamin D supply was provided |137]. 

Studies on unweaned babies show that those fed soybean- 
based fomnila have 2S% less bone mineralization (from den- 
sitometry measurements) than those fed milk-based formula 
[138.139]. Conversely, in vivt) .studies on ovarieciomized rats 
showed that these animals lost less bone if fed a diet containing 
.soybean protein extract than if fed a milk-based diet (140. 141]. 
The authors interpreted this as being due to the phytoestrogens 
in sovbean. It is difficult to extrapolate these results to humans, 
given that Tsuchiia a a!. 1 142] clearly showed less bone loss 
following ovariectomy in rats fed CPP than in rats given Ca and 
P as pure inineraN 

Partridgi' |I4.'1 showed greater calcium absorption in \er>' 
vminu pfirs led milk ihan in those fed an i.walcium diet 
containing soybean meal. Similar results were obtained in pigs 
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by Matsui ct ai |M4]. The opposite pattern is later observed 
(soyabe3n>milk) in pics aged four nionihs. and there is no 
difference in older animals (soya = milk). 

The positive estroeen-mimetic effect on bone has only been 
obsen-ed in ovaiiectomized rats, and soybean prtxJucts have a 
high ph>iate content which may reduce calciiim absorption, as 
has been clearly demonstrated, including in women 1 1 16,145). 
Lastly, several in vivo studies have sho\N*n that calcium in diets 
wiih various soyabean and CPP contents is similarly absorbed 
[rat: I04,146,M7; pig: 108). A clinical study on unweancd 
babies up to six months old compared bone density at various 
stages of development, and found no difference benveen moth- 
er's nnilk and formulas based on soybean or on cow's milk 
(148). In conlrasl. ihe amount of animal protein consumed by 
women was found to be strongly correlated with the incidence 
of hip fracture in a retrospective epidemiological study carried 
out by Abelow et ai (149). 

It has been shown in many studies that the greater the 
amount of dietary protein, the higher the urinary calcium level, 
regardless of whether the protein is casein or soybean protein 
[in rats: 147; in man: reviewed by Abelow et al., 149]. Thus, 
high level of protein consumption lead to a negative calcium 
balance. Reducing the milk protein content of the diet reduces 
urinary calcium loss in man (150). Calcium supplementation in 
the form of milk increases the amount of sulfate in urine 
because milk has a high content of sulfur-containing amino 
acids [80J, and some studies have imp1icale<l these amino acids 
in the hypcrcalciuria and negative calcium, balance associated 
with diets containing too much animal protein (5) .55, 147 J 51- 
153). A horizontal study carried out in China on women who 
had consumed a variety of diets (with and without animal 
protein, plus or minus milk) indicated a greater correlation 
between urinary calcium and the consumption of animal pro- 
teins not derived from milk [154). However, things are not that 
simple. A study performed by Allen et £7/.'[155) on humans 
> .wiih controlled diets and for whom the,. dietar>' protein was 
tripled from 1 2 g N/day to 36 g N/day by addj^ig soya extract 
clearly showed an increased urinary calcium loss (L5-foId) 
which changed the calcium balance from -37 mg/day for 12 g 
N/day to - 137 mg/day on 36 g N/day, despite high calcium 
intakes (1400 mg/day) a.nd the similar absorptions. This prob- 
lem of Ihe effect of excess protein- on bone has been recently 
discussed |55]. 

In Conclusion. While the proteins in milk or milk products 
may have beneficial effects on bone mineralization, this is not 
always so. In contrast, the positive effects of soya on calcium 
retention have only been demonstrated in one rather special 
system, ovarieciomized rats, while it has been clearly shown 
that the phyiatcs in soya can reduce calcium absorption in 
humans. Both milk and CPP ha\o a fa\i.*rable clfecl on calcium 
absorption. The hiuh phosphorus conicn! of milk may offset the 
h\'percalciuiia »nduccd,by^roioin 1 1 5f>l. although the intakes of 
both calcium and phosphorus provided by the milk help pro- 
mote bone mineralization. 

JOURNAL OF THE AME^IICAN CQUtGE OK NUTRITION 



The Bioavoilabiliry- of Dietary Calcium 

The h>T)ercalciuric effects of hich-protein diets, particularly 
those containing animal proteins, are well known. 'flowever. 
human studies on the nature of these proteins, plant/animal, 
milk'non-milk proteins, and their long term influence on cal- 
cium balance or bone metabolism are still necessary before we 
can come to any conclusion about whether plant proteins are 
advantageous or not. Thus, particularly strict vegetarian diets 
that contain no milk products may present risks to bone min- 
eralization 1 157] because they do not provide an adequate 
calcium intake, without recourse to supplerncnis, provided, by 
mineral calcium tablets 1 1 14). 

Lactose, Lactase and Calcium 0i6a^'ailability 

In Rats, Lactose is reputed to stimulate calcium absorption 
and most of the experimental evidence for this has been ob- 
tained in rats [21,25,26.29,39,158). These in vivo studies pro- 
vide direct evidence that it acts on the intestines and on bone. 
There is also indirect, in vitro, evidence obtained from studies 
on isolated intestinal loops (31,159) in which lactose was 
compared to another sugar or the absence of lactose [159]. 
Other studies on isolated gut loops in situ have, however, 
shown that 30% lactose can reduce the absorption of calcium 
chloride [15). There is also other indirect experimental evi- 
dence. For example, in vivo studies have compared the calcium 
absorbed from normal milk and from milk in which the lactose 
had been hydrolyzed [39]. Others have shown that lactose, 
unlike sucrose, reduces the effects of a lack of vitamin D on 
bone (5). Lastly.adding lactose to cheddar cheese was found to 
give better calciurn absorption than with cheese alone [ 1 06]. 

In Humans. The effect of lactose is perhaps less clear cut 
in man because it is complicated by the problem of lactose 
intolerance and thus of a lactase deficiency |see review by Scrim- 
shaw and Murray: 43). Griessen ei al. |36) fotind that lactose 
increased the fractional absorption. of calcium in lactase deficient 
(LD) patients, but most sujdies have shown a reverse effect 
(38,160-162) or no effect (37). A group of five studies showed 
that the presence of lactose, or its addition, stimulated calcium 
absorption in lactose-tolerant subjects (35.38.161.163.164). but 
three other studies demonstrated no effect |37,165,166). 

There is no real proof that hypolactasic patients absorb 
calcium less well than others. At least one study |37) found that 
the absorption of calcium from a standard diet by lactase- 
deficient patients was better than that of lactose-tolerant pa- 
tients, another found that it was poorer ( lOO): while stilJ others 
have reported that the basal absorptions were similar 
(36.38,41,1 1 1), even when there was milk or yogurt in the diet 
(41). Yogun can increase calcium absoq^'tion in UMh I.l> and 
non-LD subjects (111) compared to a CaCi; .solution. 

Normal mother's milk results in hctici absorption of cal- 
cium by Unwcancii babies than when the lactose is rcnwvcil. 
and adding lactase to mother* s milk can increase calcium 
absorption ( 1 63 J. Lactose seems to have an even greater effect 
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on calcium absorpiion when absorption is basically poor 
135.164). 

A recent clinical study j 167) on children about 10 years old 
found no difference between the bone densities of lactose- 
intolerant and paired (height and wcii:hO conttols, but ihey did 
find that there was a strong correlation (r=0.9) between bone 
density and calcium intake in the lactose- intolerant children. 
Several epidemiological studies have also shown that lactose- 
. intolerant subjects consume less calcium ( from dairy products)., 
which may predispose them to osteoporosis [168,169]. This 
link is not always found, as indicated by the lack of a difference 
benveen the bone densities of female twins, one of whom was 
hypolactasic and the other lactose tolerant (in response to an 
oral load) |170). The answer may lie in the total amount of Ca 
consumed, i.e. from dairy and non- dairy foods. 

In conclusion. Several studies have shown that lactose has 
a positive effect on calcium utilization, but there is some 
uncertainty, at least in LD people in whom lactose can reduce 
absoirption. It is possible that this effect is only temporary, as 
suggested by certain studies on the changes in calcium absorp- 
tion after a meal 138]. The literature contains many contradic- 
tions concerning the reduced absorption in LD subjects. It is 
quite probable that the non-consumption of dairy products by 
these subjects lends to reduce, their calcium intake, but that 
could be offset by more efficient absorption, provided that they 
still have the capacity to adapt; it is far from clear that the 
elderly have such a capacity. . . 

Influence of Dairy Product Consumption on 
Bone Density 

All of the 14 clinical or epidemiological snidies published 
over the past decade [118,171-181], except one .| 182], have 
shown that the consumption of dairy products in childhood and 
adolescence has a positive effect on bone mineralization later in 
. ^ Jife, as assessed by bone density measured at several sites in 
adults. They therefore confirm the classic-fihdings of Matkovic 
et al. (183). This effect on subsequent bone density is reduced 
or lost when milk is consumed between the ages of 20 and 30 
(172.173,179). Several sujdies have found that a dairy product 
supplement increased bone density in adolescents 1 174.177) or 
reduced bone loss in post-mcnopausal women |I1S]. Lastly., 
osteoporotic women were found to have consumed less dair>' 
product than hcahhy controls when they were children and 
adolescents 1172.175). A recent review [184) done on children 
found that consumption of extra calcium incioascd their bone 
density 1% to 5% or even 10% when the source of calcium was 
dairx' products. This was recently confirmed with a double- 
bind, placebo-controlled trial in prepubertal jiirls | i2l|. 1 In- 
quest ion remains on whether such effects persist after .^i.x Uy 36 
months of intervention. 

Only one smdy, that by Prince jiV «/. 1 1 1 S). lias ri.Hiipaf cd the 
effects of calcium supplements, given as I-j! day mineral tab- 
lets «x dairy products, for ^vo years on women at KmnI 1 0 years 
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after menopause. Both types of supplements have similar ef- 
fects: ihcv riMuce bone loss from severni sncs in ihc hi^. b\M not 
from the lumbal vt-rtebrae. The findings of a number of recent 
meta-analyses of data froiT) horizontal studies looking for a link 
between calcium intake and bone loss have arrived at conira- 
dictoo" conclusions. However, prospective studies on the ef- 
fects of calcium supplements have generally shown that it has 
a positive impact on bone loss [185,186). According to Nordin 
1 1 87], some contradictory conclusions could be due to errors in 
the dielar>' data. Nordin analyzed 19 trials, three using dairy 
products. This analysis clearly showed that calcium supplemen- 
tation reduced bone loss from 1.26%. per year in controls to 
0.12% in those receiving calcium supplements (p<0.005). 
These are data for the bone densities -of 1300^ postmenopausal 
women, measured at II bone sites, including cortical and/or 
trabecular bone. The difference benveen the annual percent 
bone loss between supplemented and unsupplemented women 
varied from +0.28 (spine) to +4.1 (femoral diaphysis). Lastly, 
Lyritis et al (188) found a correlation between the consump- 
tion of dairy products by young adult humans and their bone 
density. 

We can therefore say that a greater calcium intake, particularly 
of milk products, during the period of peak bone formation has a 
positive effect on bone density of adults and undoubtedly reduces 
the risk of osteoporosis. But only intervention studies have 
shown that calcium supplementation has a beneficial effect on 
bone loss, while the results of horizontal epidemiological stud- 
ies arc more controversial. 



PECULIARITIES AND ADVANTAGES 
OF THE CALCIUM IN MILK AND 
DAIRY PRODUCTS 

It is well worth remembering that milk and milk products 
are by far the main source of calcium in our diet (1). Cow*s 
milk contains an average of 1.20 g calcium per liter, 20% of 
which is bound to casein as an insoluble organic colloid and the 
remaining 80% in mineral form (45% in the tricalcium phos- 
phate of the phospho-caseinate, which is also insoluble and 
colloidal, and 35% soluble, including 12% as ionized calcium) 
1 189). The organic or mineral calcium bound to casein is 
readily released during digestion, and there is general agree- 
ment that its potential bioavailability is high. Most solubility 
studies use milk calcium as a reference standard. The calcitim 
in spinach, which is present as an insoluble oxalate, is taken as 
ihe extreme example of poor bioavailability. However, except 
for newborns fed on mother's milk (calves drinking cow's 
milk) which can absorb almost all the ingesteil calcium, ihe 
percent of milk calcium absorbed seldom exceeds 40**o under 
normal ilietar>' conditions. 

The calcium in cheeses' is readily available, despite the fact 
that cheese often contains large amounts of saturated lone chain 
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falt>' acids and no bciose |22]. TeMs on rnis fed chcddar cheese 
labeled with **"Ca showed ihai the calcium was as well ab- 
sorbed as was ihai from milk and thai absorption was noi 
iniluenccd by ihc maturation time 1106). 

. There is therefore no difference in the availability of cal- 
cium from milk and most of the best mineral or oicanic sources 
of calcium which are often used as medicines or dietary sup- 
plements and whose coefficient of absorption is about 30% to 
40%. Only a few organic forms, like citrate-malatc. can provide 
slightly better calcium availability (2). 

Nevertheless, the calcium in milk differs in several inter- 
esting features from the calcium in other foodstuffs or supple- 
ments. These can be important when it is necessars' to ensure 
high absorption of calcium under unfavorable physiological 
conditions |35]. Because it is bound to peptides and proteins, 
milk calcium is more likely to remain in solution when the pH 
is unfavorable, such as in achlorhydria. Milk calcium may be 
absorbed in the absence of vitamin D, under the influence of 
lactose in the distal small intestine via the paracellular route. 
Thus milk can provide calcium with "ensured absorbability" 
which is generally insensitive to external factors, except for 
inhibitors, such as oxalic acid. Dairy products do not contain 
anything likely to inhibit the intestinal absorption of calcium, 
like phytaies, oxalates, uronic acids or the polyphenols of 
certain plant foods. The hypercalciuric effect of sulfates from 
milk proteins is offset by the hypocalciuric effect of phospho- 
rus [ 1 56). The endogenous sulfates produced by the breakdown 
of sulfur-containing amino acids produces a SO^/Ca ratio of 
0.6, while this ratio is 2.6 in some high-sulfate, high-calcium 
mineral waters. 

Lastly, it should be remembered that milk and dairy prod- 
ucts are not only excellent sources of calcium, but also provide 
an almost complete diet whose consumption provides a "meal 
effect" 1 17). This fosters the absorption of Calcium and pro- 
vides a simultaneous intake of ptiosphon>s.-Uiat is essential for 
bone deposition. These advantages cannot be provided by any 
other source of calcium, such as calcium supplements or Ca- 

rich waters. 

As milk provides calcium with "protected absorbability,'' 
"prolonged absorption'* and "extended bone deposition/* milk 
is the most suitable dietary constituent that meets the high 
calcium intake required by postmenopausal women and the 
elderly. This is especially important because, according to 
some workers 1 1 76|, and for still unknown reasons, the inhibi- 
tion of bone remodeling that generally occurs in response to a 
high calcium intake is less marked when calcium is supplied by 
milk pr<>ducis. Further studies arc now needed to identify a 
possible specific effect of milk products on bone, although this 
beneficial effect could be simply due to different rates of 
caU iwm ab.v**r|-»iiori. ^-iih slower gastrif emptying and ar pro- 
longed passive diffusion thai ensures an extended supply of 
calcium lo the bone. 
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